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FOREWORD 


This  is  the  fourth  quarterly  report  prepared  by 
Yardney  Electric  Corporation,  New  York,  hew  York, 
on  Air  Force  Contract  AF  33  (615)  2663  under  Task 
No.  8l7304-28:.  Batteries,  of  Project  No.  8173, 
Static  Energy  Conversion.  This  work,  was  sponsored 
by  the  Air  Force  Aero-Propulsion  Laboratory  of  the 
Research  and  Technology  Division  and  the  Lallist-c 
Systems  Division  of  the  U.  S.  Air.  Force .  It  was 
administered  under  technical  guidance  of  the  Air 
Force  Aero-Propulsion  Laboratory,  Wright-Patterson 
Air  Force  Base,  Ohio. 

This  report  .is  being  published  and  distributed,  pri¬ 
or  tQ  Air  Force  review.  The  publication  of  this 
report,  therefore,  does  not  constitute  approval  by 
the  Air  Force  of  the  findings  or.,  conclusions  con¬ 
tained  herein.  It  is  published  for  the  exchange 
and  stimulation  of  ideas . 


ABSTRACT 


"All  battery"  design  approaches  using  duplex  electrodes  (pile 
construction)  are  described  and  design  parameters  compiled. 


The  experimental  work  performed  to  verify  the  various  cell  and 
battery  designs  has  been  outlined.  Data  and  test  results  are 
analyzed. 


Design  guidelines  for  a  1500  VOH,  750  watt-hour  battery  module 
are  summarized. 


Extensive  data  on  battery  size  and  weight  versus  battery  volt¬ 
age  have  been  compiled  for  batteries  having  outputs. of  2  KW  to 
20  KW. 


Formulae  expressing  the  weight  and  volume  of  batteries  as  a 
function  _f  nominal  battery  terminal  voltage,  watt-hour  rating 
and  percent  regulation  are  presented  for  batteries  utilizing 
conventional  (individual)  cells. 


re  ' ludy  phase  of  the  DC-DC  converter  development  program  is 
n  progress . 


A  report  which  documents  the  effort  expended  by  The  Ordnance 
Division  of  Honeywell.  Inc.  during  the  preceding  quarter  is  in¬ 
cluded  in  the  Appendix  of  this  report. 
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I  DJTRODUCTION 


This  document  represents  the  fourth  quarterly  report  as  de¬ 
fined  in  contract  ft  AF- 33 (615) 2663  -  Exhibit  "B",  Item  III, 
dated  8  June,  1965. 

It  is  the  purpose  of  this  contract  to  conduct  a  program  of 
study,  design  and  development  leading  to  the  fabrication  of 
a  high  rate  silver -zinc  missile  power  supply  capable  of  meet¬ 
ing  the  requirements  listed  in  the  Statement  of  Work,  Part  J, 
Schedule,  page  A. 

Three  possible  approaches  are  to  be  considered  in  the  design 
of  the  power  supply  unit: 

(a)  The  power  supply  package  consists  of  a  silver-zinc 
battery  (or  batteries)  only. 

(b)  The  power  supply  package  consists  of  a  silver-zinc 
battery  (or  hatteries)  in  combination  with  a  static 
power  converter  with  the  converter  supplying  all  the 
loads . 

(c)  The  power  supply  package  consists  of  a  silver-zinc 
battery  (or  batteries)  in  combination  with  a  device 
carrying  partial  loads . 

The  program  itself  has  been  divided  into  two  phases: 

Phase  I  :  Trade-off  and  Investigation.-  This  phase  con¬ 
stitutes  a  thorough  study  to  determine  the  op¬ 
timum  design  approach  to  the  Missile  Power  Sup¬ 
ply- 

Phase  II:  Development,  fabrication  and  testing  of  Power 

Supply  units  designed  in  accordance  with  the  re¬ 
sults  of  investigations  conducted  in  the  study 
program. 

This  report  presents  the  work  performed  during  the  period  April 
1  1966  -  June  30  1966,  and  covers  the  progress  on  Phase  I  of  the 
program . 
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II 


DISCUSSION 


Trade-Off  and  Optimization  Investigation. 

1.0  The  use  of  batteries  in  supply  the  load  directly. 

1.1  The  "all  battery"  duplex  electrode  approach  to  the  design  of  the  power 
supply. 

1.1.1  Our  studies  have  shown  that  the  conventional  cell  approach  to  the  "all 
battery"  version  of  the  power  supply,  while  feasible,  would  result  in 

a  power  supply  having  an  optimum  overall  weight  of  30.5  lbs.  and  a  vol¬ 
ume  of  1188  cubic  inches . 

Utilizing  the  duplex  electrode  construction  in  a  "square  cell"  geome¬ 
try,  we  obtained  a  total  battery  weight  of  13-7  lbs.  in  a  volume  of 
296  cubic  inches .  Further  work  established  that  a  volume  reduction  of 
about  thirty  (30)  cubic  inches  could  be  realized  through  the  optimiza¬ 
tion  of  the  square  cell  duplex  electrode  battery. 

1.1.2  The  "square  cell"  duplex  electrode  battery. 

Having  established  a  battery  design  layout  which  could  meet  the  require¬ 
ments  of  the  contract  Statement  of  Work,  the  program  plan  called  for 
substantiation  of  the  design  by  assembling,  testing  and  evaluating  bat¬ 
tery  modules  which  are  essentially  scaled-down  models  of  the  complete 
battery . 

1.1. 2.1  Experimental: 

Previous  progress  reports  have  dealt  with  the  evaluation  of  duplex 
electrode  modules  of  4  cells,  10  cells,  17  cells,  and  4o  cells.  The 
main  effort  during  the  past  quarter  was  devoted  to  (a)  the  construc¬ 
tion  and  test  of  one  hundred  cell  (180  volts)  modules  (b)  the  design 
and  breadboard  of  a  high  voltage  battery  module  in  order  to  substan¬ 
tiate  the  design  concept  of  the  proposed  square  cell  duplex  electrode 
battery  (c)  an  additional  task  was  to  establish  techniques  to  manufac¬ 
ture  large  quantities  ol  thin  (0.0015  -  0.0025  in.)  electrodes. 

1.1. 2. 1.1  Battery  Tests  on  100  Cfell  Modules. 

Battery  PB019  consisted  of  100  duplex  electrode  cells  in  series.  Gas¬ 
ket  thickness  was  0.020"  and  the  electrolyte  inlet  feed  channel  meas¬ 
ured  l/l6"  w  x  0.020"  t  x  l/4"  1  (cross  sectional  area  0.0125  sq.  in.). 
The  electrode  pairs  were  cemented  to  the  gasket  plates  using  3M  struc¬ 
tural  adhesive  #EC  2216b.  The  assemblies  were  then  stacked  rnd  the 
entire  compressed  by  means  of  ti-'  ^ods.  The  battery  measured  2-5/8" 
x  2-5/8"  x  2-3/8"  not  including  the  activation  mechanism. 

The  battery  was  activated  using  100  cc  of  electrolyte  (38$  potassium 
hydroxide),  under  no  .load  conditions.  Note  that  all  one  hundred  cells 
were  activated  as  a  group  and  therefore  were  connected  hydraulically 
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in  series  through  the  electrolyte  in  the  feed  manifold. 

Five  seconds  after  activation  a  voltage  of  155  volts  was  attained, 
(this  is  about  10  volts  lower  than  the  normal,  open'  circuit  voltage  ex¬ 
pected  from  a  hundred  cell  battery)  no  gassing  was  observed  in  the 
electrolyte  manifold  channel,  however,  the  battery  voltage  began  to 
drop  (reaching  l4o  volts  at  t  =  15  seconds,  127  volts  at  c  =  30  sec¬ 
onds,  125  volts  at  t  .=  45  seconds,  113  volts  at  t  =  60  seconds,  70 
volts  at  t  =  75  seconds)  indicating  a  rather  strong  intercell  leak¬ 
age  current  in  the  battery. 

The  test  was  interrupted  two  minutes  after  battery  activation.  Bat¬ 
tery  020  consisted  also  of  one  hundred  cells  in  series .  The  battery 
construction  was  identical  to  that  of  PB019  except  that  the  electrode 
gaskets  were  bonded  with  epoxy  resin  and  the  battery  pack  encapsulated 
in  potting. 

The  battery  was  activated  using  90  cc  of  electrolyte  (38 %  potassium 
hydroxide),  under  no  load  conditions. 

Activation  was  normal  and  the  open  circuit  voltage  rose  to  163  volts 
in  five  seconds.  After  thirty  seconds,  the  electrolyte  in  the  feed 
manifold  began  to  gas  and  the  battery  voltage  dropped  from  163  to 
158  volts.  The  unit  was  discharged  at  this  point  ..(discharge  current: 
2.5  amps,  corresponding  to  a  current  density  of  0.8  amp.  per  sq.  in.) 
and  gave  the  following . data : 

Time  (Seconds)  Voltage  (Volts ) 


5" 

H3 

15" 

93 

20" 

90.1 

30" 

70.5 

35" 

46.5 

It  appears  that  (a)  the  individual  duplex  gaskets  must  be  beaded  to 
reduce  intercell  leakage  paths  around  the  cell  edges  (b)  the  size  of 
the  manifold  must  be  reduced  (c)  leakage  current  must  be  controlled  by 
dividing  the  series  connected  cells  into  relatively  small  groups  (mod¬ 
ules)  and  activating  each  module  through  a  separate  channel. 

The  previous  tests  have  thus  established  that  the  leakage  current  in 
the  one  hundred  cell  modules  tested  was  due  largely  to  the  nature  of 
the  manifold  construction  and  the  gasket  seal  used.  A  likely  method 
of  coping  with  this  problem  would  be  to  use  grooves  or  channels  to 
distribute  the  electrolyte  to  individual  module  groups .  The  number 
of  cells  in  a  single  group  should  be  small  enough  to  limit  intercell 
leakage  in  the  group  and  has  to  be  determined  empirically.  The  proper 
size  manifold  channel,  in  effect,  limits  the  inter-group  current  flow. 
As  a  start,  the  number  of  cells  per  group  was  set  at  twenty. 
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The  purpose  of  the  next  series  of  tests  vas  essentially  to  verify  the 
design  of  an  improved  battery  manifold  design  and  methods  of  sealing 
individual  duplex  gaskets. 

Battery  FB021: 

This  unit  consisted  of  one  hundred  0.06  ampere-hour  cells  In  series. 
The  follaving  parameters  apply: 

(a)  Gasket  thickness:  .020" 

(b)  Electrolyte  feed  channel:  l/l6"  w  x  0.020"  x  l/4" 

(c)  No.  of  cells  per  module  subgroup :  20 

(d)  Electrode  gaskets  bonded  with  Eastman  91.0  adhesive 

(e)  Battery  pack  encapsulated  in  epoxy  resin 

The  five  20  cell  groups  were  stacked  and  connected  in  electrical  ser¬ 
ies  prior  to  positioning  of  the  manifold  feed  block  and  subsequent  en¬ 
capsulating  operation. 

The  battery  was  activated  using  90  cc  of  electrolyte  (3836  potassium 
hydroxide);  under  no  load  conditions. 


Activation  was  normal  and  the  open  circuit  voltage  rose  to  171 .volts, 
two  seconds  after  activation.  At  t=6o  seconds  the  unit  was  discharged 
at  3.5  amps  (1.1  kj in2)  and  gave  the  following  data: 


FIRST 

FIFTH 

100  CELL 

20  CELL 

20  CELL 

BATTERY 

MODULE 

MODULE 

TIME  (SECONDS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS 

2.5" 

57-5 

28.0 

13-5 

5.0" 

35.0 

25.0 

8.1 

The  test  was  interrupted  at  this  point,  because  of  the  apparent,  imbal¬ 
ance  between  cell  groups  due  to  poor  electrolyte  distribution,  and  ten 

cubic  centimeters  of  electrolyte 

were  added  to  the  battery.  The  unit 

was  then  discharged  at  3-5  amps. 

The  following  data  was  obtained: 

FIRST 

FIFTH 

100  CELL 

20  CELL 

20  CELL 

BATTERY 

MODULE 

MODULE 

TIME  (SECONDS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

OCT 

170 

32.8 

32 

2.5" 

l4l 

29.2 

25-5 

5.0" 

138 

29.0 

23.0 

10" 

130 

28.6 

21.8 

15" 

123 

28.3 

21.0 

20" 

115 

27.6 

19.5 

30" 

104 

25.2 

16.8 
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The  test  was  interrupted  two  minutes  after  battery  activation.  There 
was  no  sign  of  arcing  in  the  electrolyte  feed  manifold  and,  after  the 
test  discharge,  the  battery  voltage  recovered  to  a  normal  open  circuit 
voltage  (approximately  1.55  volts  per  cell). 

Battery  PB022; 

This  unit  was  similar  to  battery  PB021  except  that  it  consisted  of 
one  hundred  0.06  ampere-hour  cells  activated  in  hydraulic  parallel 
but  not  electrically  interconnected.  The  battery  pack  was  divided 
into  twenty  cell  sections,  each  section  being  activated  through  sep¬ 
arate  manifold  channels.  A  pair  of  leads  extended  from  each  twenty 
cell  stack.  After  activation,  the  five  groups  were  connected  elec¬ 
trically  in  series  by  means  of  knife  switches. 

The  battery  was  activated  using  90  cc  of  electrolyte  (3856  potassium 
hydroxide),  under  no  load  conditions. 

One  minute  after  activation,  the  100  cells  were  placed  in  series  and 
the  unit  discharged  at  3.5  amps  (1.1  amps,  per  sq.  in.).  The  follow¬ 
ing  discharge  data  was  obtained: 


FIRST 

FIFTH 

100  CELL 

20  CELL 

20  CELL 

BATTERY 

MQDUIE 

MOEUIE 

TIME  (SECONDS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

OCV 

174 

3b 

3b 

5" 

143 

28.8 

30 

10” 

i4l 

28 

29 

15” 

138 

27.5 

29 

20” 

135 

26.5 

29 

30” 

127 

22 

27-5 

4o" 

113 

18.5 

25.O 

50" 

100 

17-0 

21.0 

The  test  was  interrupted  at  t=50  seconds  and  20  cc 

of  electrolyte  ad- 

ded  to  the  battery.  The  discharge 

was  continued  as 

1  follows: 

FIRST 

FIFTH 

100  CELL 

20  CELL 

20  CELL 

BATTERY 

MODULE 

MODUIE 

TIME  (SECONDS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

VOLTAGE  (VOLTS) 

OCV 

157 

31 

30 

5" 

133 

27 

22.5 

10" 

121 

25.2 

17.5 

15" 

108 

24.7 

13 

20" 

99 

23.6 

10 

The  results  of  tests  FB021  and  FB022  indicate  that  the  present  mani- 
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fold  design  is  adequate.  Intercell  leakage  has  been  reduced  and  arcing 
appears  to  have  been  eliminated. 

Battery  PB023  consisted  of  twenty  0.3  ampere-hour  duplex  electrode  cells 
in  series.  This  test -was  run  to  determine  the  effect  of  longer  times 
of  operation  on  duplex  electrode  battery  performance. 


The  following  parameters  apply: 


(a)  Gasket  thickness:  0.020" 

(b)  Electrolyte  inlet  feed  channel:  l/l6"  x  0.020"  x  l/4" 

(c)  Silver  per  electrode:  1.7  grams 

(d)  Zinc  per  electrode:  1.05  grams 

(e)  Duplex  electrode  thickness:  0.018" 

(f )  Separator:  Fellon  #2506k  -  3  mils  thick. 

(g)  Activation  under  pressure  using  4o  psig  nitrogen  -  helium 

mixture  to  displace  20  cc  of  potassium  hydroxide 
electrolyte . 

(h)  Battery  pack  dimensions:  2.42  x  2.675  *  0.54  (3*5  cu.  in.) 

(i)  Battery  pack  weight:  121.4  grams. 

The  results  obtained  were : 

Open  circuit  voltage  (5  seconds  after  activation)  :  36. 0  Volts 

Discharge  rate:  3-5  amps  constant  current;  equivalent 
to  a  discharge  current  density  of 


Voltage  (after  application  of -load)  at  5  seconds 

15  seconds 
30  seconds 

Plateau  voltage 
Time  to  20.0  volts 
Capacity 

Watt -hours  (based  on  average  voltage) 

Battery  monobloc  energy  density 

per 

cu.in. 


1.1  amps  per 
sq.  in. 

29.5  volts 
29.5  volts 
29.3  volts 

28.7  volts 

315  seconds 

0.306  Ahr 

8.8 

2.5  Whrs 


We  conclude  that  increasing  the  time  of  operation  of  the  twenty  (20) 
cell  test  module  from  75  seconds  to  5  minutes  did. not  cause  a  degra¬ 
dation  in  performance . 
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1.1. 2. 1.2  Design  and  breadboard  of  a  1000  cell  battery  module. 

The  design  of  the  unit  uses  the  guidelines  established  in  the  100 
cell  test  omits  described  under  paragraph  1.1. 2. 1.1.  A  total  of 
2200  unit  cell  electrodes  were  prepared  and  assembled  into  duplex 
electrodes .  The.  individual  duplexes  were  then  insulated  using 
0.020  gaskets  and  made  into  26  volt  modules. 

Parameters  for  the  unit  (1300  V  nominal  load  voltage  at  3*5  amps) 
are: 

(a)  Nominal  capacity:  0.5  Ampere-hours 

(b)  Number  of  cells:  100C 

(c)  Number  of  modules:  50 

(d)  Number  of  cells  per  module:  20 

(e)  Total  duplex  electrode  thickness:  0.0225"  (includes  gasket) 

(f)  Electrode  (active  material)  dimensions:  l-ll/l6"  x  1-15/16" 

(g)  Active  Ag  per  electrode:  1.7  grams 

(h)  Active  Zn  per  electrode:  1.1  grams 

(i)  Available  capacity  (based  upon  a  silver  utilization 

of  0.33  Ah/g)  :  0.56  ampere-hour. 

(j)  28  volt  module  dimensions:  2.45"  x  2.65"  x  0.48" 

(k)  Battery  monoblock  dimensions  (not  including  header): 

5.08"  x  13.42"  x  4.25" 

(l)  Battery  monoblock  dimensions  (including  header): 

5.08"  x  13.42"  x  5.5” 

(m)  Projected  power  output:  5*1  KW 

(n)  Projected  energy:  750  Watt-hours 

(o)  Projected  energy  density  (not  including  activation 

system)  :  2  Whrs/cu.in. 

A  drawing  of  the  breadboard  battery  assembly  ia-presented  in  Figure  1. 
Additional  sketches  showing  the  details  of  assembly  of  the  unit  cell 
pack,  monoblock,  channel  feed,  and  activation  hardware  are  shown  in 
Figures  2,  3,  4,  5>  6,  7,  8,  9. 
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REVISIONS 


Machine  plastic  parts  and  other  components  are  being  fabricated  at 
the  present  time.  Assembly  of  the  battery  is  slated  for  the  follow¬ 
ing  work  period. 

1.1. 2. 1.2.1  Additional  Tests: 

Tests  run  during  the  last  working  period  include: 

(a)  Electrical  tests  on  silver  and  zinc  electrode  materials 
prepared  for  the  1500  V  duplex  electrode  unit. 

(b)  Electrical  tests  on  finished  four  cell  units  represent¬ 
ing  a  sampling  of  cells  from  the  1100  unit  cells  as¬ 
sembled  into  modules. 


1.1.3  The  circular  duplex  electrode  battery. 

Five  (5)  alternate  design  approaches  for  a  circular  duplex  electrode 
battery  have  been  established  and  the  projected  weight  and  volume  for 
each  approach  were  calculated.  The  basic  concept  is  the  same  for  all 
designs .  As  previously  described,  the  battery  will  be  activated 
through  the  center  by  means  of  a  central  manifold.  Each  duplex  (or 
cell)  is  fed  through  a  narrow  channel  measuring  0.010"  x  l/l6"  x  l/8" 
which  is  in  registry  with  a  slot  connecting  modules  of  twenty  cells . 
This  slot,  in  turn,  leads  to  the  main  battery  activation  manifold. 

1.1. 3- 1  Design  No.  1 

Description:  Duplex  electrode  battery  utilizing  cells  having  a  cir¬ 
cular  geometry. 

The  cells  are  stacked  in  a  single  row  and  are  activated 
through  the  center  by  means  of  a  central  manifold  feed. 

The  battery  is  to  be  assembled  as  twenty  cell  modules . 

Battery  activation:  All-pcsition  activation  system 
utilizing  a  gas  generator  -  electrolyte  coil  reservoir 
activation  system. 

Battery  dimensions:  3-375"  dia  x  26.25"  long 

(233  cubic  inches). 

1.1. 3-  2  Design  No.  2 

Description:  Duplex  electrode  battery  utilizing  cells  having  a  cir¬ 
cular  geometry. 

The  cells  are  arranged  in  four  stacks .  Each  stack  be¬ 
ing  activated  by  means  of  a  central  manifold. 


The  battery  is  to  be  assembled  as  twenty  cell  modules. 


Battery  activation:  All-position  activation  system 
utilizing  a  gas  generator  -  electrolyte  coil  reservoir 
activation  system. 

Battery  dimensions:  6.25"  x  6.25"  x  6.5"  (25 4  cubic 
inches). 

1.1.3.3  Design  No.  3 

Description:  Duplex  electrode  battery  utilizing  cells  having  a  cir¬ 
cular  geometry. 

Cells  are  arranged  in  four  stacks.  Each  stack  being 
activated  by  means  of  a  central  manifold. 

The  battery  is  to  be  assembled  as  twenty  cell  modules . 

One  position  activation  system  (gas  generator-cyiindri 
cal  electrolyte  tank  system. 

Battery  dimensions:  5-25"  x  5.25"  x  8.5"  (234  cu.in.) 

1.1. 3.4  Design  No.  4 

Description:  Duplex  electrode  battery  utilizing  cells  having  the 
shape  of  a  circular  sector. 

Cells  are  arranged  in  four  stacks.  Central  manifold 
activation. 

The  battery  is  to  be  assembled  as  twenty  cell  modules . 

All-position  activation  system  (gas  generator  - 
electrolyte  coil  reservoir  activation  system) . 

Battery  dimensions:  6"  dia.  x  6.625"  (187-5  cu.in). 

1.1. 3. 5  Design  No.  5 

Description:  Duplex  electrode  battery  utilizing  cells  having  the 
shape  of  a  circular  sector. 

Cells  are  arranged  in  four  stacks .  Central  manifold 
activation. 

The  battery  is  to  be  assembled  as  twenty  cell  modules. 
One  position  activation  system.  (Gas  generator-cylindr 
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cal  electrolyte  tank  system) . 

Battery  dimensions:  5"  dia.  x  8.5"  (166.5  cu.  in.) 

1.1. 3. 6  As  noted  previously,  the  preparation  -of  the  duplex  electrode,  the  de¬ 
sign  of  the  electrode  gasket  and  the  separator  material  called  out  are 
similar  to  that -described. for  the  square  cell  design  except  for  the 
form  factor.  Design  verification  tests  based  on  28  volt  module  test 
discharges  have  been  scheduled  for  the  next  work  period. 


2.0 


2.1.1 


The  Use  of  a  Battery-Converter  System  to  Sue 


Bower 


Work  on  the  study  of  a  battery-converter  version  of  the  Missile  Power 
Supply  was  continued  during  the  last  quarter.  Essentially,  the  power 
supply  package,  consists  of  a  remotely  activated  'silver- zinc  primary 
battery  (or  batteries)  in  combination  with  one  or  more  static  power 
converters . 


The  battery  section  of  the  battery-converter  design  approach. 

Designs  of  cell  and  .  battery  systems  for  proposed  input  .voltage  levels 
of  5.6,  28,  56,  90  and  200  volts  have  been  prepared  for  projected  bat¬ 
tery  outputs  of  2  kilowatts. to  20  kilowatts.  Since  the  battery  study 
was  to  include  conventional  (individual)  cells  as  .well  as  duplex  elec¬ 
trode  (pile  type)  cells,  designs  were  prepared  using  both  cell  types. 

Paper  designs,  as  well  as  weights  and  volumes  of  cells  and  battery  sys¬ 
tems  for  the  proposed  input  voltages  of  5  *6,  28,  56,  90  and  200  volts 
and  outputs  of  8.5  to  12.1  KW,  using  conventional  (individual)  cells 
have  been  presented  .in  the  third  Quarterly  Technical  ..Report .  From 
these  data,  formulae  were  derived  expressing  the  weight,  and  volume  of 
the  batteries  as  a  function  of  nominal  battery  terminal  voltage,  watt- 
hour  rating  and  percent  regulation.  The  analysis  is  presented  in  Ap¬ 
pendix  III  of  this  report  under  "Battery  Weight  and  Volume  Calcula¬ 
tions"  . 


Projected  silver-zinc  battery  energy  density  versus  size  and  weight 
as  a  function  of  battery  voltage  (5-6,  28,  56,  90  and  200  volte)  and 
voltage  regulations  of  plus  and  minus  3}  10  and  15  percent  have  been 
determined  for  batteries  utilizing  the  pile  type  (duplex  electrode) 
construction,  in  the  range  of  133  to  190  watt-hours.  For  purposes  of 
optimization,  the  units  were  designed  with  the  thinnest  possible  spacer 
gaskets  (0.010"  thick).  Tabulated  data  are  presented  in  Table  I  to  show 
the  effect  of  reducing  the  duplex  electrode  gasket  thickness  from  0.020" 
to  0.010". 

Optimized  weight  and  volume  projections  for  battery  systems  (utilizing 
conventional  cells  as  well  as  duplex  electrodes)  with  outputs  of  2  KW 
and  20  KW  and  operating  times  of  15  seconds  and  5  minutes  have  been 
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(Continued) 


compiled  in  Table  II.  The  methodology  and  sample  calculations  for 
these  projections  were  presented  in  the  Third  Quarterly  Progress  Re¬ 
port. 

Summary  sheets  shoving  (a)  battery  component  volumes  versus  battery 
voltage  (b)  battery  component  weights  versus  battery  voltage  (c) 
overall  battery  volumes  versus  battery  voltage  (d)  overall  battery 
weights  versus. battery. voltage  as  a  function  of  output  (watt-hours) 
and  voltage  regulation,  are  presented  in  Appendix  I.  Energy  density 
figures  have  also  been  calculated  for  each  of  the  battery  types. 

Design  verification  of  the  projected  design  for  a 
90  volt  133  watt-hr.  conventional  cell  battery. 

.As  discussed  previously  (3rd.  Quarterly  Progress  Report),  the  bat¬ 
tery  consists  of  64  cells  (nominal  capacity:  1.48  ampere-hours)  in 
series  and  is  designed  to  operate  at  a  voltage  regulation  of  plus 
or  minus  five  percent. 

The  energy  density  of  the  battery  was  calculated  as  23  watt-hours  . 
per  pound  and  1.16  watt-hours  per  cubic  inch. 

A  design  layout  of  the  proposed  battery  was  prepared  in  order  to 
verify  the  overall  battery  dimensions  previously  calculated. 

A  print  of  the  layout  drawing  has  been  reproduced  in  Figure  10. 

The  projected  volume  of  the  unit  (v/o  outer  case)  had  formerly  been 
established  as  125  cubic  inches.  The  actual  volume  (including  the 
outer  case),  in  accordance  with  the  design  layout,  is  determined  to 
be  l4l  cubic  inches,  indicating  a  good  correlation  between  the  pre¬ 
dicted  and  the  design  established  values. 

The  converter  section  of  the  power  supply. 

The  subcontract  for  the  study  and  optimization  phase  of  a  DC  to  DC 
converter  for  the  Missile  Power  Supply  was  awarded. to  the  Ordnance 
Division  of  Honeywell  Inc.,  during  the  last  reporting  period.  Work 
was  initiated  on  phase  I  of  the  program  on  April  15,  1966. 

A  technical  program  plan  outlining  the  projected  work  on  the  con¬ 
verter  was  submitted  to  Yardney  Electric  by  Honeywell.  A  copy  of 
this  document  has  been  included  in  Appendix  II  of  this  report. 

Honeywell's  first  quarterly  progress  report  which  documents  the  ef¬ 
fort  expended  during  the  preceding  three  months  of  this  study  pro¬ 
gram  will  be  found  in  Appendix  III  of  this  report. 


TABLE  II  -  Battery-Converter  ..  udy 

Battery  Parameters  lo r  2  Kilowatt  and  20  Kilowatt  Output  Requirements  (Conventional  Cells) 
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CONVENTIONAL  CELLS  -  BATTERY  OUTPUT  :  8.33  WATT-HOURS  AT  2  KILOWATTS 
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CONVENTIONAL  CELL  -  BATTERY  OUTPUT  :  1670  WATT-HOURS  AT  20  KILOWATTS 
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CONCLUSIONS 


hi 


1.  It  has  been  established  that  a  duplex  electrode  battery  power 
supply  utilizing  a  square  configuration  will  weigh  13.7  lbs. 
in  a  volume  of  2 66  cubic  Inches. 


2.  Analysis  of  the.  design  of  a  duplex  electrode  battery  power  sup¬ 
ply  utilizing  a. circular. configuration  has  indicated  that  a 
unit  can  be  developed  that  will  occupy  a  volume  as  low  as  166.5 
cubic  inches. 


3 .  A  test  run  on  a  twenty  cell  duplex  electrode  battery  to  deter¬ 
mine  the  effect  of  longer  times  of  operation  (up. to  5  minutes) 
on.  duplex  electrode  performance  has  shown  that  the  increase  in 
time  of  discharge  did  not  cause  a  degradation  in  performance . 

4 .  Tests  have  shown  that  the  arcing  and  intercell  leakage  usually 
.  associated  with -high  density. packaging  of  high  voltage  duplex 

electrode  batteries  can  be  minimized,  if  not  eliminated,  by  sub¬ 
dividing  the  battery,  package  into  twenty  cell  modules,  each  mod¬ 
ule  being  activated  through  separate  manifold  channels . 


5.  A  breadboard  1500  volt  experimental  duplex  electrode  battery  has 
been  designed.  Projected  power  output  is  5*1  KW  and  projected 
energy  of  the  unit:  750  watt-hours .  Overall  battery  assembly  di¬ 
mensions  will  be  5.08"  x  13.42"  x  5.5". 


6.  Various  combinations  of  batteries  and  converter  regulators  were 
investigated  and  evaluated  under  the  work  program  subcontracted 
to  Honeywell,  Inc. 


A  design  methodology  for  the  battery-r converter  approach  is  being 
developed,  to  be  applicable  to  similar  systems  of  various  power 
levels,  voltage  levels  and  load  transfer  durations. 
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APHSMDIX  I 

(Battery-Converter  System) 
2  -  20  KW  Battery  Output 
Summary  of  Data 


COMPONENT  WEIGHT  /GR-AMM 


BATTERY  OUTPUT!  &33  WATT-  HOURS  AT  ZK\LO WATTS 


^/OLTS^) 


V OLTAjGtE.  REOrU LAT ION:  T lO°k 


a  a  a  a  a  7  a  a  o  »q  ao  a©  a«> 

BATT  ER  Y  V  OLT  AGE 
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component  volume.  6n") 


BATTERY  OUTPUT  :  5,33  \A/ATT-  HOURS  AT  ^.KILOWATTS 
V'Ty. TA.G-E  REGULATION  '  2TlO% 
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APPENDIX  II 


(Battery-DC/DC  Converter  Study:  Technical  Program  Plan) 


baitery-dc/dc  converter  study 


PROGRAM  PLAN 

missile  power  supply  converter 

Component  Study 

1.  Survey  transistors 

Goal  -  Selection  of  Transistors  with  Parameters  which  are 
suitable  for  application. 

a)  Preliminary  Specification  Generation 

b)  Vendor  Survey 

c)  Data  Analysis 

1)  Wt/Vol 

2)  Switching  Speed 

3)  Losses 

4)  Trade-offs 

5)  Reliability-Stress  Analysis 

tons 

«*• 

Survey 

Selection  of  Core  materials  which  merits  i’urth<  ’ 
ir ,  '■ligation  for  application 

-f  ary  Specifications  with  Assumptions 

.  <•  Survey 

,  -ata  n  lysis 

)  xOia  Factor 

2)  Losses  as  Function  of  Frequency 

3)  Weight/Volume  Data 

4)  Cross  over  Points 

d)  Selection  of  Materials 
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3.  Battery  Analysis 

Goal  -  Definition  of  Battery  characteristics  related  to 
system  application 

a)  Preliminary  Specification  Review 

b)  Data  Analysis 

1)  Electrical 

a)  Voltage 

b)  Activation 

c)  Impedance 

d)  Regulation 

2)  Mechanical 

a)  Weight 

b)  Volume 

c)  Cc ^figuration 

d)  Terminals 

3)  Thermal 

a)  Internal 

b)  External 

c)  Trade  off  Studies 

4.  Transformer  Construction  Study 

a)  Weight  and  Volume 

1)  High  Altitude 

2)  High  Temperature 

3)  High  Voltage 

b)  Determine  Optimum  Dimens io.  it 

c)  Evaluate  Ccnstructir’i  Teen...' pues 
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«  't>  •  w  to 


Task  II  -  System  ^tudy 


1.  Analyze  Circuit  Design  Concepts 

a)  Battery  Voltage  vs.  Circuit  Approach 

b)  System  Weight/ Volume  Trade-offs 

1)  Efficiency 

2)  Thermal 

3)  Reliability 

2.  Conclusions 

a)  Battery  Size  vs.  Power  e) 

b)  Battery  Size  vs.  Voltage  f) 

c)  Converter  Size  vs.  Voltage  g) 

d)  Converter  Size  vs.  Input 

Voltage  h) 

3.  General  Applications 

a)  Component  Evaluations 

b)  Design  Procedures  Methodology 

c)  Families  of  Design  Curves 


Converter  Size  vs  Efficiency 

Converter  Size  vs.  Frequency 

Converter  Size  vs.  Temperature 
Limit 

Converter  Size  vs.  Power 
Output 


BATTERY  -  DC/DC  CONVERTER  STUDY 
TRMJFl-OFF  AND  INVESTIGATION  PHASE 


TECHNICAL  PLAN 


1.0  Translator  Survey 

(a)  Objective :  To  determine  which  transistors  currently  available  are 
most  suitable  for  the  application. 

(b)  Approach:  Using  preliminary  specifications  as  a  basis,  select  as 
many  transistors  as  practical  which  meet  the  requirements  for  the 
missile  power  supply  converter  application.  Conduct  comparative 
analyses  of  transistors  selected  to  determine  which  transistors  are 
most  desirable,  for  applications.  Order  samples.  Test  samples. 
Recommend  according  to  test  results. 

(c)  Research  Procedures:  Conduct  "state-of-the-art”  survey  of  several 
transit,  tor  manufacturers.  Conduct  an  analysis  of  transistor  samples ; 
compile  data  on  the  following  transistor  characteristics: 

(1)  Weight  and  volume 

(2)  Losses  vs.  operating  frequency 

(3)  Reliability  versus  stress 

Conduct  trade-off  studies  between  all  transistor  samples  to  determine 
the  most  desirable  transistor(s)  for  the  application. 

(d)  Test  Procedures:  The  following  parameters  will  be  tested  for  each  of 
the  transistor  samples: 

(1)  Vce  (sat) 

(2)  hFE 

(3)  t  on 

(4)  t  off 
etc. 

(e)  Anticipated  Performance:  Utilizing  the  information  obtained  from 
transistor  manufacturers  and  tests,  the.  design  constraints  Imposed  by 
transistor  selection  will  be  determined.  The  effects  of  these  con¬ 
straints  on  system  weight  and  volume  will  be  analyzed  during  the  sys¬ 
tem  study  portion  of  this  program. 

(f )  Milestone :  Prepare  data  describing  tL^se  translator  types  capable  of 
meeting  all  requirements  of  the  missile  power  supply  converter  applica 
tion.  Prepare  the  data  in  a  form  which  can  be  utilized  in  the  system 
study  portion  of  this  program. 
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2.0  Core  Material  Study 


(a)  Objectives:  To  determine  the  effects  of  core  material  selection 
on  the  weight,  volume,  and  efficiency  of  the  converter  power 
transformer  and  to  determine  the  optimum  material  available. 

(b)  Technical  Approach:  An  analysis  of  core  material  characteristics 
to  determine  the  effect  of  material  selection  on  transformer  weight, 
volume,  and  efficiency  will  be  performed.  The  results  of  this 
analysis  will  be  presented  by  curves  describing  weight,  volume  and 
core  loss  as  a  function  of  operating  frequency  and  power  handling 
capability. 

(c)  He  search  Procedures:  Conduct  a  "state-of-the-art"  survey  of  core 
material  manufacturers  to  select  the  types  of  core  materials  which 
merit  further  analysis.  Test  samples  of  each  core  material  selected 
to  obtain  data  not  readily- available  from  the  vendors . 

Conduct  trade-off  studies  to  determine  the  mdst  suitable  core  materials 
for  the  missile  power  supply  converter  application. 

(d)  Test  Procedures:  Each  of  the  core  material  samples  will  be  tested 
to  obtain  data  not  readily  available  from  the  vendors.  Test  pro¬ 
cedures  will  be  written  after  vendor  survey  and  analysis  is  completed. 

(e)  Anticipated  Performance:  Using  the  data  obtained,  from  the  vendors  and 
tests  in  paragraph  (d),  the  most  desirable  core  material^ s)  for  the 
missile  power  supply  converter  will  be  established. 

(f)  Milestone:  Prepare  data  describing  those  core  materials  most  suitable 
for  the  missile  power  supply  converter  application  in  a  form  which  can 
be  used  in  the  system  study  portion  of  this  program. 

3*0  Battery  Analysis 

(a)  Objective:  To  determine  the  factors  affecting  battery  weight  and  volume 
when  analyzed  in  terms  of  system  requirements,  and  to  reduce  these  data 
to  a  th  usable  in  the  systems  study  portion  of  this  program. 

(b)  Approach:  Analyze  data  sup±,_'ed  by  Yardney  Electric  Corp.  and  reduce  to 
curves  of  battery  weight  and  \  June  versus  W-H  :  ing  and  regulation 
requirements . 

(c)  He_sf\ _ h  TV-  -'duxes:  Not  appli  able;  research  will  be  performed  by 

Yardney  .ric  Corp. 

(d,  _  P-  jcedures:  Not  .^u-icable;  tests  will  be  performed  by  Yardney 

Electric  Corp. 
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(e)  Anticipated  Performance:  Utilizing  the  results  of  the  analysis,  data 
will  be  presented  in  a  form  which  will  be  usable  in  the  system  study 
portion  of  this  study. 

(f )  Milestone :  Document  formulae  and  prepare  graphs  of  the  results  of 
the  battery  weight  and  volume  study. 

4.0  Transformer  Construction  Study 

(a)  Objective:  To  determine  the  effects  of  system  requirements  on  trans¬ 
former  construction  techno ques  and  how  these  effects  are  related  to 
transformer  weight  and  volume,  and  to  present  these  data  in  a  form 
usable  in  the  system  study  portion  of  this  program . 

(b)  Approach:  The  effects  of  high  operating  voltages,  high  temperature 
operation  and  atmospheric  pressures  characteristic  of  re-entry  ve¬ 
hicles  on  .the  construction  techniques  required  in  the  transformer 
will  be  determined.  These  data,  when  combined  with  the  data  gener¬ 
ated  during  the  core  material  study,  will  provide  trade  off  data  of 
transformer  weight  and  volume  in  a  form  usable  in  the  systems  study 
portion  of  this  program. 

(c)  Be search  Procedure:  The  design  constraints  imposed  by  the  opera¬ 
tional  and  environmental  conditions  on  the  transformer  design  will 
be  evaluated  in  terms  of  insulation  requirements.  A  suitable  wind¬ 
ing  Insulation  material  and  transformer  construction  technique  will 
be  established. 

From  these  data  a  realistic  winding  factor  will  be  determined;  and, 
when  combined  with  data  generated  during  the  core  material  study, 
will  provide  transformer  weight  and  volume  data  in  a  form  usable  in 
the  system  study  portion  of  this  program. 

(d)  Test  Procedures:  Not  applicable  to  this  portion  of  the  study  program. 

(e)  Anticipated  Performance:  From  the  data  obtained  from  the  studies,  an 
optimum  construction  method  for  the  transformer  will  be  established, 
and  weight  and  volume  data  will  be  provided  for  system  studies. 

(f)  Milestone:  Prepare  document  of  results  of  analysis,  with  recommenda¬ 
tions  for  construction  techniques  optimized  for  the  application,  *nd 
provide  weight  and  volume  data  in  a  form  usable  in  the  system  design 
study  portion  of  the  program. 

5.0  Analyze  Circuit  Design  Concepts 

(a)  Objective:  To  determine  an  optimized  missile  power  supply  converter 
circuit  configuration  and  battery  combinat1  >n  for  the  application. 
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(b)  /  >proach:  Utilizing  the  data  generated  in  the  components  study  phase 
of  this  program,  weight,  volume,  thermal  analysis  and  reliability 
studies  on  specific  battery- converter  combinations  will  be  performed 
to  establish  comparative  data  for  the  specific  design  approaches. 

(c)  Research  Procedures:  Conduct  weight,  volume,  thermal  analysis,  and 
reliability  studies  on  specific  battery-converter  combinations  and 
determine  the  .effects  of  varying  battery  voltage,  operating  frequen¬ 
cy  and  converter  efficiency  on  the  overall  syatem  design. 

(d)  Test  Procedures:  Not  applicable  to  this  portion  of  the  study  program. 

(e)  Anticipated  Performance :  From  the. data  obtained  in  this  systems  study, 
a  recc  mended  circuit  will  be  established  for  development  in  phase  II 
of  this  program.  In  addition,  a  design  procedures  methodology  and 
families  of  design  curves  applicable  to  systems  of  different  require¬ 
ments  will  be  established. 


(f )  Milestone:  Establishment  of  a  recommended  circuit  for  development  dur¬ 
ing  phase  II  of  this  program  and  a  design  procedure  methodology  in¬ 
cluding  curves  or  formulae  describing  the  following: 


Buttery  weight  versus  W-H  rating  and  regulation 
Battery  volume  versus  W-H  rating  and  regulation 
Battery  weight  versus  terminal  voltage  and  regulation 
Battery  volume  versus  terminal  vcltage  and  regulation 
Converter  volume  versus  battery  voltage 
Converter  weight  versus  battery  voltage 
Converter  volume  versus  operating  frequency 
Converter  weight  versus  operating  frequency 
Converter  volume  versus  power  output 
Converter  weight  versus  power  output 
Converter  volume  versus  output  voltage 
Converter  weight  versus  output  voltage 
Converter  operating  temperature  versus  converter  size  and 
operating  time. 
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SECTION  I 


INTRODUCTION 

This  report  describes  the  results  of  studies  performed  by  Honeywell 
Ordnance  from  April  20,  1966  to  July  25,  1966,  to  develop  a  design 
methodology  for  a  missile  power  supply.  Batteries  and  converter- 
regulator  and  battery  combinations  were  investigated  and  evaluated. 

This  program  has  the  following  major  objectives: 

Development  of  a  design  methodology  for  a  highly  reliable  missile 
power  supply  for  operation  from  a  silver-zinc  battery  source. 

Development  of  a  reliable  method  for  accurately  determining  the 
minimum  weight  and  volume  of  the  missile  power  supply. 

To  meet  these  objectives,  the  applicability  of  the  following  systems  and 
techniques  have  been  studied  and  evaluated. 

All  loads  serviced  by  a  battery  directly 

All  loads  serviced  by  a  solid-state  dc/dc  converter  operated 
from  a  battery  source 

A  portion  of  the  load  serviced  by  a  battery  or  batteries  directly, 
with  the  remainder  of  the  load  serviced  by  a  solid-state  dc/dc 
converter. 

In  general,  the  missile  power  supply  is  characterized  by  a  relatively  high 
power  output  during  a  relatively  short,  one-time  operation.  Accordingly, 
this  program  includes  studies  of  the  effects  of  relatively  high  frequency 
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operation,  boil-off  cooling,  high  quality  cores,  and  the  effects  of 
overloads  in  a  power  supply  of  this  type. 

The  design  methodology  is  sufficiently  generalized  to  be  applicable 
to  other  similar  systems  of  various  power  levels,  voltage  levels,  and 
load  transfer  durations. 
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SECTION  II 


TECHNICAL  DISCUSSION 

1.  BATTERY  WEIGHT  AND  VOLUME  ANALYSIS 

During  the  report  period,  data  were  obtained  describing  the  weight  and 
volume  of  batteries  with  conventional  (individual)  cell  construction. 
Formulae  were  derived  expressing  the  weight  and  volume  of  the  batteries 
as  a  function  of  nominal  battery  terminal  voltage,  watt -hour  rating,  and 
percent  of  regulation. 

The  formulae  for  battery  volume  are: 

3  3 

Vol  -  0.  28  inches  x  V  +  0.  72  inches  xRati  5%  regulation 

volt  watt -hour 

3  3 

Vol  =  0.  28  inches  x  V  +  0.  62  inches  xRati  10%  regulation 

volt  watt-hour 

3  3 

Vol  =  0.  28  inches  x  V  +  0.  53  inches,  xRati  15%  regulation, 

volt  watt-hour 

Where:  Vol  =  Volume  of  battery  in  cubic  inches 

V  =  Nominal  battery  terminal  voltage  in  volts 
R  =  Battery  energy  in  watt-hours 

The  formulae  for  battery  weight  are: 

Weight  =  0.  006  pounds  x  V  +  0.  042  pounds  x  R  at  ±  5%  regulation 
volt  watt -hour 

Weight  =  0.  006  pounds  x  V  +  0.  0345  pounds  x  R  at  ±  10%  regulation 
volt  watt -hour 

Weight  =  0.  006  pounds  xV  +  0.  0295  pu  nds  xRati  15%  regulation 
volt  watt -hour 
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Where:  Weight  =  Weight,  of  battery  in  pounds 

V  =  Nominal  battery  terminal  voltage  in  volts 

R  =  Battery  energy  in  watt -hours 

2.  CORE  MATERIAL  SURVEY  AND  TRANSFORMER  ANALYSIS 

Letters  of  inquiry  were  sent  to  six  core  material  manufacturers  request¬ 
ing  data  and  recommendations  appropriate  to  this  program  A  copy  of 
this  letter  appears  in  Appendix  D. 

Arnold  Engineering  did  not  recommend  any  of  their  currently  available 
core  materials,  but  stated  that  production  of  soft  ferrite  cores  which 
may  be  suitable  has  just  begun.  These  cores  will  not  be  available  until 
late  fall  1966;  engineering  data  are  not  available  at  the  present  time. 

Indiana  General  recommended  their  0-5  ferrite  for  the  power  transformer 
and  C-2  ferrite  for  switching  applications.  Data  sheets  for  these  materials 
were  supplied. 

Allen  Bradley  recommended  their  R-03  ferrite  core  material,  and  sub¬ 
mitted  data  on  this  material. 

Magnetics,  Inc.  recommended  1/2 -mil  Orthonol  for  use  at  20  kc,  and 
supplied  data  on  this  material. 

Ferroxcube  did  not  reply. 

The  data  received  from  all  manufacturers  were  deficient  in  core  loss 
information  at  high  frequency  and  high  temperatures;  however,  this  infor¬ 
mation  is  more  complete  for  the  ferrites  than  for  the  tape -wound  cores. 


A  design  methodology  was  developed  for  comparing  core  materials  and 
determining  how  the  system  volume  is  affected  by  adding  a  transformer 
to  the  system. 

Formulae  were  derived  expressing  the  increase  in  system  volume 
resulting  from  the  addition  of  a  transformer  core  and  the  increase  in 
system  volume  resulting  from  the  addition  of  a  transformer  winding. 
The  derivation  of  these  formulae  are  presented  in  Appendix  B.  Using 
these  formulae,  a  Honeywell  HRC-400  computer  was  used  to  generate 
the  data  that  was  then  used  to  develop  the  curves  presented  in  Figures  1 
through  25. 


The  formula  expressing  the  change  in  system  volume  resulting  from  the 
addition  of  the  transformer  core  is: 
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A  Vj  =  4.  55  x  10  Bt  f  Cj 


/ 2.  94  x  108 

3/4 

W.  94  x  108  PI 

|  f  HS  J  K 

f  PS  3  K  J 

where: 


A  Vj  =  Increase  in  system  volume  (in  cubic  inches'  due  to  the 
addition  of  the  transformer  core 


B  "  Battery  volume  constant,  inches 

watt -hour 

t  =  Load  duration  in  seconds 


f  =  Frequency  of  operation  in  cpr 

CT  ,  =  Core  loss  in/i  watts 

L1  5 

cm  cps 

&  =  Flux  density  in  lines 

inches ^ 
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=  Core  stacking  factor 

=  Power  input  to  the  transformer  in  watts 

=  Current  density  in  the  conductors  of  the  transformer 
winding,  in  amperes 


inches 


K  =  A  winding  factor  expressing  the  ratio  of  conductor  area  to 
window  area. 


The  first  term  on  the  right  side  of  the  equation,  4.  55  x  10  r  f  CL1 
2  94  x  10®  p\  3  ^4 

— -  ,  defines  the  battery  volume  increase  required  to 

^i^§ly  flie  losses  of  the  core,  while  the  second  term,  2.  94  x  10®p\ 

f  BS  K  J  ] 

defines  the  volume  of  the  core. 


Since  the  power  input  to  the  transformer,  P,  the  current  density,  J,  and 
the  winding  factor,  K,  are  determined  largely  by  factors  other  than  the 
transformer  core  material,  these  terms  were  transposed  to  the  left  side 
of  the  equation,  as  follows: 


1^.  3/4  A  Vx  =  4.  55  x  10"9  Bt  CL1  2‘ 


8  i  3/4 


8  \  3/4 


2.  94  x  10c 


-9  2  94  v  i  ' 3  3/4 

The  factor  4.  55  x  10  CL^  ‘  ^gg — - —  ,  with  dimensions  of 

watt-hours,  is  proportional  to  the  power  dissipated  in  the  core.  This 
seconds 

factor  is  plotted  for  the  Allen  Bradley  R-03  ferrite  core  material  in 
Figure  1,  and  for  2 -mil  Orthonol  in  Figure  2. 
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ORTHONOL  POWER  DISSIPATION  VERSUS  CORE  VOLUME 


Multiplying  this  factor  by  specific  values  for  B  and  t,  as  determined  by 
the  battery  constant  and  load  duration,  translates  this  family  of  curves 
in  the  vertical  direction. 


If  the  term 


2.  9ft  x  10 

- TBS 


8 


3/4 


is  then  added,  the  family  of  curves  becomes 


asymptotic  to  a  line  described  by  the  formula: 


1 2.  94  x  i08 

rrs - 


3/4 


Where: 

AV1  =  volume  added  by  core,  in  cubic  inches. 

With  B  equal  to  0.  53  and  0.  62  for  battery  regulations  of  15%  and  10%, 
respectively,  and  t  equal  to  45  seconds  or  75  seconds  (from  the  specific 
load  durations  defined  for  the  system),  a  series  of  curves  were  plotted 
for  R-03  ferrite,  0-5  ferrite,  2 -mil  OrthonoL,  and  1-mil  OrthoncL  These 
curves  are  presented  in  Figures  3  through  18. 

NOTE 

-9 

Three  different  constants,  4.  55  x  10  fCj^ ^ , 

4.  55  x  10'6  Bt  CL3,  and  7.  87  x  10"3  CL2« 
appear  in  the  formula  presented  in  Figures  1 
through  18.  Thus,  the  formula  is  expressed 
in  three  different  ways,  with  the  change  in 
constants  resulting  from  the  manner  in  which 
the  factors  describing  core  los3  were  inserted 
into  the  formula. 
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Figure  4  -  EFFECT  OF  R-03  FERRITE  ON  SYSTEM  VOLUME  (B  =  .  53  AND 
t  =  75) 
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Figure  12  -  EFFECT  OF  2  MIL  ORTHONOL  ON  SYSTEM  VOLUME 
{B  .53  AND  t  75’ 
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Figure  14  -  EFFECT  OF  2  MIL  ORTHONOL  ON  S  iSTEM  VOLUME 
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Figure  16  -  EFFECT  OF  1  MIL  ORTHQNOL  ON  SYSTEM  VOLUME 
(B  =  .  53  AND  t  =  75) 
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Figure  17  -  EFFECT  OF  1  MIL  OR THONOL  ON  SYSTEM  VOLUME 
(B  =  .  62  AND  t  =  45) 
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Figure  18  -  EFFECT  OF  1  MIL  ORTHONOL  ON  SYSTEM  VOLUME 
(B  =  .  62  AND  t  =  75) 
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Assuming  that  no  heat  energy  would  be  lost  from  the  core  material 
through  radiation,  convection,  or  conduction,  the  following  general 
formula  was  derived  for  core  temperature  rise  (A  T) 


AT  =  (4.  55  x  10'9  fCL)  t 


Where: 

Co,  =  specific  heat  of  the  core  material,  in  watt -hours 

>,  _ 

in.  6  ‘•C 

The  rate  of  temperature  rise,  ,  versus  the  product  of  f  3  is  plotted 
for  R-03  ferrite  in  Figure  19. 


The  following  expression  was  then  derived  to  determine  the  increase 
in  system  volume,  A  Tg.  due  to  adding  a  transformer  winding. 


(1.  08  x  10"10  T.  +  2.  53  x  10'8)  t  J2 


1-  .  00696  x  10  t  J 
1 2 .  66  x  108P  \  3/4 

+  I  fTS'  Jk~  I 


2.  65  x  108P  1  3/4 


Where: 


T^  =  Initial  winding  temperature,  in  °C. 

This  equation,  the  derivation  of  which  is  presented  in  Appendix  B,  assumes 
that  no  heat  energy  is  lost  from  the  winding  through  radiation,  conduction, 
or  convection. 


-26- 


foiuiisingml 
iifimnini^r! 

I  atti  muon  q  ■MHg 

mnmm 


anffiffinssirannsii! 


mmml 

SftSlli 

mm\ 


iHSifiiSBiigii^Siiiiian 

piliiliill^liiilliiiilisii^H 

aiimii)niiiwa»aii«M>»twnimiiitt8wi»w«iiMiiinwiigBniMr,iWil 

IIISill!fflili!ilii88i!Kli5S3Syi&^ifll9i9a!liiSSiHIB9B9KSISHslfffiffi9iid 

iauiiuiiM!HMfl!ffiiHtiaMffijiirsn(&HUiu»'ia«SMBBRasnHBiiisinniadr<irvAi3senniiHiiiiaiH«»i» 

!amraiiiiiii!Mi«ii8»Hii!«aii#iiiiimifnaHa£aiBesBtmfH»iEaHa«^;y«afti>i«siittn;iB)8yjai« 

pill«l!ippip^<aSii 


illiisillii 


nil 


*  111  ^ Stilt ■ijiiii|iiiHII <iii'  i 

. . . . ..«» ■■■■■iiiiiiilmliji  in.  A 

MH*iliM(lU3iMiiw<iaaitiHaiiiiaici//w/iiBaNaBaa>MniiiaiHi»  ^ 
WllllllllllIBHUliaiUHMHBUBHHUWillMy/MMHaBllimilHIIMNI 

am»n«!»«BBHn«iBi«HaBaBw««r#y/if//a«iBBBa«iMiiiiiiiiiBMl 

urn  i3iiiscg?siiyii«iKa33iiinfi£^iSHBMnaaiir.-v2«/'ffiifliBBniHsvasHaii  lira  ysiuiaa 

mmzmm 

Minn,,  ..i»i  - 


■imiltflii!HK!mp'itMRK!i 
laDHIKUi!lfliH!!W£!  HIIHSII 

iwnraiHiim 


Egf¥fMlRSH3Bj|F:ifl*XS!iM 


H  mini 


a  »  W  V 1  *  IH  •  M  5  IHtWI  IKK  if  Hi 


annas 

sffisaa 

iRiiBiiisSiirliimiiiHiiyiiSiSBl 


irai 

iBBafSsas&mamjitfiBMBl 


. .  ■••ini»«i'iMi.i*ii  *"  -  ■  ■aai  1 

■  aiff ■■itim  iim-iiniii  ittii him uili di<  m  ir  jafWLl 
aaaBt*«iiiiMiini  iuiiin  ii»iiiiimmnii'  in»*  flalll IV1 


iiiiiiiiiiii  ini'in  him itiiMiin -iii' 
lillllllllliilio  m  If  III  IHM  Dili  III, 

jimmimiiii  iii  iiiiiiiin  mi  iif 

Illlljllllllll  lllli 'in  •Mil  IfljlHMj  nr  III 
ill  inn  iiiii uni  iii  iiiii  mil iiRiiiit.  i. 

UUiMf 


_ ■•■man 

■  ■aiimiMi 

-  •■ill 


BiiiprK™ 

until  'ft11  11 
n  mu  iron  mm  mu 


i  nih 


r-iliHIlHii-ISSI.ililli 

IliJiiiiiiiiiill! 


IISIHilM. 

liiiiiiliii 

|sEssi:H::i 

liitliiilii 

zU5“:“: 

mum 

liiiiiiliii 


mm  in  - * 


|«  8:: 


>  if  iiiii 


— _ i  ..«».«|-IHIII'  I*  I.H  .1,111  (HI  'It 

■■•aaiaiiilfi.niH'  i^rv  tn>tir iifp  Him 

aflwaiiiniMiiiiM  j*  ■'.»!  •  M  rid  \r .mi  m 

IJS M * *ut 'f.* P’-' V JF 4ffl»  .tfi  vr  iys!  iUiHiiV- 

*rrfy»wi!»»a  i-  ^laatiitnifiisaHitp*  -Hist^iii'v 

3KiM5-*nS^Hai  B!Si&!“iSi!ffSyi!$ii-  MB. 

SvCilyS’iir.in’ISStiniiSsiiar  i  :: 

w  .  •  ••  mi  . . •wmiiiiiioiii-f-  •  a8B||*|«N  mim  mni  nyii->i  • 

I  k  15^ i ‘ i  1 S i**ii rt|i!  v  . iillaliUISIIISrtir 'Rf  '  iUliTL  v. 

wmmmm  tHBisti  ^iiiiiiiHHiiiiK  mum  \ 


..HtfiiiiluiMi'lirl 

It  IIIII  Mill  III  ,|U  I 
_ fllllllllUI'll  l  iflil 

■  ■  ■  1 1  ii  iii  inti  iiiii  iiiiiiil 

*M«?Msnn!;i*NM>fKl 

tamiiiimiMiimsI 

iilif  irl  liliiil:i|g|ijjjj-li(!if| 

iSSaHSiiilHiH&V&j 

:n:  ::r  ?.  •« 


1 


■■■■iiiii 

■ - asSfi!1 

■  ■imnii 

■•imnii 


iiiinmnm 

mi  i  i  in 


•  •tin'.1 . . 


m.lltn 

■■■■>iiiiiiiiiiiiiriiii|iii|i  rii'iiii' 
jfiaiaiiiiiiiiiiiiiiiminili  .r.iiiri 


foiiidB&MiiisisiBta&I  I 
SHBESiigassss: 

_ i|iHii»i|tnun>iii  iHMHwitWl""*'  •» 

^■aaaaaaainiiiiiiiiMiMMn  iiiii imnitit  iu  «* 
■  ■aaaiaMlllllllMlinAnin  HIIIIMIIKip  m  t<f 

naiaaaaatitif|iiHH.iii»ini>  tiiiiiiiniiiii'tH  ■» 
■■■aaiaiiMiiiiiiiiiiiiii'iiMmiiHimiii  im  i» 

■■aaiiiniiiiiiiiiiiiiiiiii; 1111111111  iiiii  11  in 


/.laalin 


s:si; 

s::: iKS! 
{iuiiji;; 


. 

_ •■■■■1111(1111 

•■((■■tiiitiir 
—  ■iiiiinr 


3CTJ: 


llilillliliiliii 


i;ss::::::ii! 


rraasr:  r.  •• 

2  =  38  =  ;  . 

|ss5»':!imi!!l!l 

iiSin  & 

iiiiiii!:::: 

iiiliiiiiir 

■  «aaaa«aaiM*iiiiiMiiii<  m- 

.  . . 

■  ■■ai  ■■■■11(11111111111111111 

■  ■■aailMiiiiiii  ilium  it 

■  ■aaaaiaiiiiiiiiiniiiiit  m 
aaaaiiiiiiiiiiiiiiiHiiii  m 

^aaaa iiiii  iiiiiiiiiiiiin  m 

iiiiiiH 

1111111111111 

■  III  Ultl  till 
1111  mil  mi 
Iflllllll  III 

■  III  HIIIIIII 

$S  =  ScSii|i!!!|':i 

H|sis3£zinjt!! 

rrraffsss::::!:!: 

is;:::::::::::. 

IliilllllUltiii 

SSiUiSiilH::!: 

=  »  =  a=s*?f?s*if 

iHiiiiiiiiiiili 

SsSSB85«Si'i'iit 


It"  HU 

iiiiimi'ituni 

ill  lilt"  im 
■  I mil  iii- 
ill  Mill  III' 

ill  miiiin 


m 


iih  x  * .  SlV99l99fi*iliM  it 

mmm  mmmm*1*- 

fir  1.'  i§i|lil!f:ii|:i:i:iir 

mm  h  iiimiiU 

sssBin: 


•••  <• 

Kri ;; 

iiiii <1111  iiiii  m  1 
•  iiiiiniiniii  ii>  1 
tiifi tmmiii  m 
HrniHiiimiMi  in  • 

mini  inn  111  hiiiI  iii  .> 

iiimiiiiiniiiiiiiiri  hi 

••ir  r  ~i\  * 

Mii-HUIJ#* 


E? 

=  = 

rS 5r3!i ‘M  = 

II  iililii 

:!■  § 

ilHiiliiiiiHiii 

$  ii 

s: 

mmmmm  ••••••••••  ••••■  mi.m 

S  M  I  Ml  •' 

iiallMMiMHimn  m  i 
■•■ailMBI  IIIII  lllli.  MU  ill 

■  ■aai  ■•■••  ••  1  it  mu  min 
■•a  ■■■•••  1 11 1 11  mu  mt" 
nnnaa 11  ititi iini  Hi'  I  . 

. . .  I 

■■■■iiiiaiiiiiiimiiiin  m 

nil 

ieMtntMii 


=  ;; 

ilii-- 

:i|MU 

esEsst: 

iiUHHif:: 

i  i 


n  a  iiiii:-:::  iii.  !i 

ac2:!s::2t:::s::un  nr :  :: 

|i3s|ii:;::!Hi iiiii  is:?.:  . 

sss:£ :r::i ::::::::::  :::::::::: ::::  : 


still  u  s«laii! 

iSliiflliUii!" 

iiliiliiiiiiiiii 

sssssscs:::::::: 


•mii  7n«- 


SSfan... 

•  •■■IIIMIIIIIIIIlii  ! 


_  Mill  MID  *l|l<  in 
^1(1111)111  in 

•  iiiiiiiin  'i 


IlMIM -III  IM 

"Wli  ■ 


•  ••(•••  lltli  i«|n  nr  |i»t«  inn  in 

aanii  •  ■(•■•  mu Ml*i  iii- ti(iiiiiili«i 
aai  ■■«  •  •  111*1  mu  nr •••■  ■  im, 

.  ■  IIIII  Mil 

Mill!  INI) 


imtu  nr  lllli  11(11  iiiii  Hi  m> 


::::: 

Himi 

SSSSiC 


hHM  lllillHIIMIIl'ill  '1  ^S9iB 

imp  (liumuiikuu  It,  nSnii 

llllll  tlllllltlllMtl  till  ii!  ttimfi 


..i  inn  uni  mi, ip 
liiiiiiiiiiHi  iHihk 
iaiiiiiimi  in  ii 


s 


I, 


Since  the  factors,  f,  8  ,  and  S  are  largely  dependent  on  the  core  material, 
and  since  the  factor  P  is  dictated  by  the  application,  these  terms  were 
transposed  to  the  left  side  of  the  equation,  as  follows: 


2.  66  x  10 


8  \  3/4 


2.  66  x  10 


8  i  3/4 


With  equal  to  65°C  (maximum  specification  requirement),  B  equal  to 
0.  53  and  0.  62  and  t  equal  to  45  seconds  and  75  seconds,  a  series  of  graphs 
rtf  ff  ®  1  3/4  A  T 7  T  ... _ _  J  _ _ 


°f[^) 

in  Figure 


-p —  A  V2  versus  J  were  plotted.  These  curves  are  presented 

igures  20  through  23. 


Again  assuming  no  heat  energy  loss  from  the  winding  through  radiation, 
conduction,  or  convection,  the  following  general  formula  was  derived  to 
describe  temperature  rise  in  the  winding. 


A  T  _  (6.  96  Tl  +  1630)  J2  t 


10"  -  6.  96  r  t 


Curves  of  A  T  versus  J  for  t  equal  to  45  seconds  and  75  seconds,  and 
with  equal  to  65°C,  are  presented  in  Figures  24  and  25. 
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Figure  22  -  EFFECT  OF  WINDING  CURRENT  DENSITY  ON  SYSTEM  VOLUME 
(B  “  .  52  AND  t  =  45) 
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Figure  23  -  EFFECT  OF  WINDING  CURRENT  DENSITY  ON  SYSTEM  VOLUME 
(B  =  .  62  AND  t  =  75) 
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J  -  AJ*5  ^INCHES* 

Figure  24  -  WINDING  TEMPERATURE  RISE  Tj  *  65  AND  t  =  45 


Figure  25  -  WINDING  TEMPERATURE  RISE  (Tj  =  65  AND  t  =  75) 
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3. 


TRANSISTOR  SURVEY  AND  ANALYSIS 


a.  Transistor  Survey 

A  letter  wa3  sent  to  transistor  manufacturers  requesting  their  recommend¬ 
ations  for  transistor  types  which  could  be  used  in  a  high-power  dc/dc 
converter.  A  copy  of  the  letter  is  presented  in  Appendix  D. 

Replies  were  received  from  Delco  Radio,  Continental  Device  Corp. ,  RCA, 
Bendix,  and  National  Semiconductor  Corp.  Continental  Device  Corp.  does 
not  make  a  suitable  transistor.  National  Semiconductor  Corp.  has  a  fast- 
switching  silicon  transistor,  but  its  current  carrying  capability  is  so  low 
that  it  could  not  be  used  in  high  power  devices. 

The  pertinent  data  received  by  the  other  four  manufacturers  are  summarized 
in  Table  I  (where  there  are  blanks,  the  manufacturer  was  unable  to  supply 
data).  These  data  are  from  specification  sheets,  and  do  not  necessarily 
represent  the  values  which  would  be  obtained  in  a  converter  circuit.  For 
example,  the  switching  times  can  be  improved  by  switching  enhancement 
circuitry.  Also,  some  of  the  higher-current  transistors  may  be  used 
somewhat  below  their  maximum  collector  current  ratings,  to  improve 
Vce'sat)  an<*  sw*tching  times. 

The  RCA  2N3265  looks  promising  for  high-power  duty  because  of  its 
exceptionally  low  ^c^sat)  for  a  silicon  transistor.  RCA  did  not  suggest 
switching  enhancement  circuits,  but  the  "typical"  specification  sheet 
values  appear  to  be  very  good.  The  150-volt.  V^g  would  require  opera¬ 
tion  in  a  bridge  circuit  if  a  high  input  (battery)  voltage  were  to  be  used. 
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TABLE  I 

SUMMARY  OP  TRANSISTOR  DATA 


MFR. 

TYPE 

MATERIAL 

m 

VCEtSAT? 

ATIC 

3 

V 

IpS) 

(|iS) 

*1 

(pSI 

m 

TjIMAX) 

RCA 

2H3U5 

SIUCOH 

150 

8.75V  AT  ISA 

□ 

as 

1.5 

0L5 

25  AT  ISA 

2O0TC 

vi 

120 

G.  65V  AT  25  A 

■ 

4.0 

2.5 

20AT2QA 

lMfC 

2N9251 

SILICON 

m 

1.5V  AT  5M 

B 

■ 

■ 

10AT5QA 

2O0TC 

ESSI 

2N2581 

SILICON 

D 

1.0V  AT  ISA 

■ 

2.1 

2.2 

L0 

10AT1QA 

15CTC 

The  Bendix  2N1653  is  the  only  germanium  transistor  suggested  by  the 
manufacturers  responding.  Although  the  2N1653  has  the  lowest  ^ce(SAT) 
it  also  has  the  longest  switching  time.  Therefore,  it  should  be  considered 
only  for  comparatively  low  frequency  operation.  The  lower  temperature 
limit  for  germanium  transistors  also  limits  its  use  to  a  relatively  short 
mission  time(in  the  order  of  a  few  seconds);  otherwise,  the  transistors 
will  overheat.  The  low  collector  voltage  rating  will  require  bridge  circuit 
operation  when  relatively  high  battery  voltages  are  used. 


The  Solitron  2N3151  has  the  largest  current-carrying  capability  and  a 
reasonably  high  f^..  Switching  times  were  not  given  in  the  specifications, 
but  should  be  comparable  to  the  other  silicon  transistors  in  the  table.  The 
VcES  maximum  o{  150  volts  limits  the  application  of  the  2N3151  to  bridge 
circuit  operation,  as  in  the  above  two  cases.  The  comparatively  high 
^CE(SAT)  an<*  *ow  ®ain  at  ciiaracterizati°n  point  of  50  amperes  collector 
current  suggests  the  use  of  this  transistor  at  lower  collector  currents, 
perhaps  25  amperes.  The  case  size  of  this  transistor  is  larger  than  the 
previous  three,  which  detracts  from  the  advantage  of  a  high  current  rating 
when  total  transistor  volume  is  considered. 


Oelco  Radio  recommended  a  high  voltage  silicon  transistor,  the  2N2581. 
This  transistor  appears  to  be  particularly  attractive  at  high  input  voltage 
levels.  Among  the  responding  manufacturers,  only  Delco  recommended 
switching  circuits,  and  suggested  switching  times  which  could  be  achieved 
in  a  high  power  level  circuit.  For  this  reason,  the  2N2581  characteristics 
were  used  in  the  following  examples  of  transistor  loss  calculations. 

b.  Transistor  Analysis 

Presented  in  the  following  paragraphs  is  an  analysis  of  a  suitable  transistor 
for  an  8.  2-kw  converter  for  the  missile  power  supply.  This  analysis 


-37- 


examines  the  relationship  between  transistor  power  losses  and  transistor 
parameters.  There  are  two  categories  of  power  losses:  switching  losses 
and  conduction  losses.  Switching  losses  are  related  to  three  components: 
rise  time  (tjj),  storage  time  (tg),  and  fall  time  (t^,).  These  components 
are  illustrated  in  Figure  26. 

By  using  equation  (4)  from  Appendix  C,  and  by  substituting  the  values 
given  in  Figure  26,  each  switching  power  loss  is  calculated  as  follows: 


The  rise  time  switching  loss  is  calculated  as: 


RT 


ftR 


(2V0I0  +  0)  + 


S  v-S1STU/TI 


|  (0  +  0,] 


To  simplify  the  equation  the  rise  time  switching  loss  may  be  calculated  as 

Vs 


PRT  ~  ftR 


(1) 


In  the  above  equation,  the  values  substituted  from  Figure  26  are: 


(2) 


To  simplify,  the  storage  time  switching  loss  may  be  calculated  as: 
PST  =  ftS  Vsh  (t^>'  tj] 

In  the  above  equation,  the  values  substituted  from  Figure  26  are: 


•x  “  % 

V  ■% 


The  fall  time  switching  loss  is  calculated  as: 

PFT  *  ftF  [»  (0  +  2  W  +  5  <2VSIS  +  0)] 

To  simplify  the  equation,  the  fall  time  switching  loss  may  be  calculated  as 


In  the  above  equation,  the  values  substituted  from  Figure  26  are: 
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The  switching  losses  defined  by  equations  (1),  (2),  and  (3)  above  are 
combined  as  follows: 

P  =  P  +  P  +  P 
SW  RT  ST  FT 


Substituting  from  equations  (1),  (2),  and  (3); 


The  combined  switching  losses  may  be  simplified  as  follows: 


Thus,  the  total  switching  loss  is  directly  proportional  to  the  converter 
oscillator  frequency,  the  battery  terminal  voltage  and  current,  and  the 
three  switching  time  parameters.  As  shown  in  the  preceding  example, 
equation  (4)  will  assist  in  selecting  transistors  that  will  minimize  these 
power  losses. 


Transistor  conduction  losses  are  comprosed  of  two  components:  "on" 
losses  and  "off"  losses.  Assuming  operation  at  saturation,  the  "on" 
loss  is: 


VCE(SAT)  %  +  VBE 


(5) 
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Similarly,  the  "off"  loss  is: 


POFF  =  (2VS  !CO  +  VEBO  VbO* 


Combining  the  two  conduction  losses  and  averaging: 


(6) 


P  +  P 
*ON  OFF 


CON 


Substituting  from  equations  (5)  and  (6): 


CON 


=j^VCE(SAT)  £S  +  VBE  |  jj+  (2VS  !CO  +  VEBO  *EBO 


To  simplify,  the  total  conduction  loss  may  be  written  as  follows: 


CON 


r*l 

[  VCE(SAT)  +| 

f  BE\1 

i  fcFE  1  - 

+  (2VS  !CO  +  VEBO  VbO*  ^ 

L  2  J 

Combining  equations  (4)  and  (7),  the  total  average  transistor  power  loss 
is: 


PT(AVG)  =  P3W  +  PCON 


Substituting: 
P 


T(AVG) 


f  V  I 

VS  *S  ^  I  3 


*S  +  VI 


F_ 

3 


1  +  2 


*S  +  V 


(8) 


(  %  j^VCE(SAT)+  h^j  ]  +(2VSICO  +  VEBOIEGo) 
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As  shown  by  the  above  example,  equation  (8)  can  be  used  to  select  a 
specific  transistor  capable  of  minimizing  converter  power  losses  in  a 
specific  system. 


As  shown  in  Appendix  C,  any  transistor  power  loss  increases  the 
overall  system  volume  by  requiring  additional  battery  volume  to  com- 

( 3t  * 

pensate  for  this  power  loss;  i.  e. ,  A  Vg  - 


T(AVG)' 


Figure  27  illustrates  the  relationship  between  battery  volume,  in  cubic 
inches,  and  converter  oscillator  frequency.  A  typical  battery  terminal 
voltage  (100  volts)  and  current  (10  amperes)  were  chosen;  the  switching 
time  parameters  for  both  light  and  heavy  saturation  operation  modes 
were  taken  from  the  2N2581  transistor  specification.  Also,  power 
transfer  durations  (t)  of  45  and  75  seconds  were  selected. 


As  an  example  of  how  the  battery  volume  is  affected  by  the  oscillator 
frequency,  refer  to  Figure  27.  A  25-kc  oscillator  frequency  requires  a 
battery  volume,  per  transistor,  of  from  0.  137  cubic  inch  to  0.  184  cubic 
inch  for  a  45 -second  power  transfer  duration,  but  the  battery  volume 
requirement  is  increased  to  a  range  from  0.  330  cubic  inch  to  0.  450 
cubic  inch  for  a  75  -second  power  transfer  duration.  The  precise 
requirement  for  battery  volume,  within  the  ranges  specified  in  Figure  27, 
depends  cn  the  operational  mode  of  the  transistor. 

4.  SYSTEM  VOLUME  ANALYSIS 


Four  power  supply  system  configurations  have  been  investigated  with 
respect  to  battery  volume  requirements,  as  follows; 

A  separate  battery  supplying  each  load  independently. 

A  separate  battery  and  converter -regulator  combination  supplying 
each  load  independently. 
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Figure  27  -  EFFECT  OF  OSCILLATOR  FREQUENCY  ON  BATTERY  VOLUME 


One  battery  supplying  the  6.  3 -volt  floating  load  and  one  battery 
supplying  the  remaining  loads. 

One  battery  and  converter-regulator  combination  supplying  all  loads. 

Using  the  formulae  derived  for  battery  volume,  the  volume  of  a  power  supply 
comprised  of  separate  batteries  supplying  each  load  directly  was  calculated. 
The  results  are  shown  in  Table  II. 


TABLE  II 


REQUIRED  BATTERY  VOLUME  FOR  SPECIFIED  POWER  SUPPLY  LOADS 


POWER  SUPPI  Y  LOADS 

VOLUME  OF  BATTERY 

SUPPLYING  LOAD 

DIRECTLY  (cu.  -in.  ) 

+6.  3  volts,  10%  regulation,  9  amps, 

73 -second  duration 

2.497 

+6.  3 -volts  floating,  10%  regulation, 

2  amps,  75 -second  duration 

1.  930 

+90  volts,  10%  regulation,  15  amps, 
45-second  duration 

35.  660 

--3000  volts,  3%  regulation,  1.  25  amps, 

45 -second  duration 

875.  600 

-1500  volts,  10%  regulation,  2  amps, 
75-second  duration 

458.  700 

+50  volt,  3%  regulation,  0.  25  amp, 

45 -second  duration 

14. 12f 

+10  volts,  3%  regulation,  2  amps, 

45 -second  duration 

2.  990 

-200  volts,  3%  regulation,  0.  1  amp, 
45-second  duration 

56.  ISC 

TOTAL  VOLUME 

1447.  687 

During  the  course  of  another  study  we  examined  how  a  combination  of 
a  battery  and  a  converter-regulator  would  affect  the  battery  volume. 

In  a  battery  converter -regulator  combination,  the  battery  would  have 
to  supply  enough  energy  to  satisfy  the  losses  in  the  converter.  Therefore, 
the  energy  term.E,  in  the  battery  volume  equation  becomes  R/Nc,  where 
Nc  =  converter  efficiency. 

In  a  converter -regulator,  the  output  voltage  can  be  maintained  within  a 
very  narrow  range  while  the  input  voltage  varies  over  a  relatively  wide 
range.  It  was  assumed  all  power  supply  voltage  regulation  requirements 
could  be  met  in  a  converter-regulator-battery  combination,  with  the 
voltage  regulation  of  the  battery  equal  to  15%. 

For  each  load  requirement,  a  family  of  curves  was  plotted  which  com¬ 
pared  battery  volume  and  battery  terminal  voltage.  Each  curve  in  the 
family  is  for  a  different  value  of  converter  efficiency  (Nc).  The  curves 
are  presented  in  Figures  28  through  35. 

During  a  third  study  we  assumed  that  two  batteries  would  supply  all  the 
loads.  One  battery  supplied  the  6.  3 -volt  floating  load;  another  battery 
supplied  the  remaining  loads.  The  formula  for  determining  the  battery 
volume  required  for  servicing  the  6.  3 -volt  floating  load  is: 

Vol  (6.  3-volt  floating-load  battery) 

=  0.  28V  +  0.  62R  at  ±  10%  regulation 
=  0.  28  x  6.  3  +  0.  62  x  6.  3  x  2  x  75 

3600 

=  1.  765  +  0.  1625 
1.  9275  inches3 
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Figure  28  -  BATTERY  VOLTAGE  VS  BATTERY  VOLUME  (6.  3  VOLTS) 


ieure  30  -  BATTERY  VOLUME  VS  BATTERY  VOLTAGE  (90  VOLTS) 


BATTERY  VOLUME  VS  BATTERY  VOLTAGE  (3000  VOLTS) 


Figure  32  -  BATTERY  VOLUME  VS  BATTERY  VOLTAGE  (1500  VOLTS) 


Inchat* 


gure  33  -  BATTERY  VOLUME  VS  BATTERY  VOLTAGE  (50  VOLTS) 


Figure  35  -  BATTERY  VOLUME  VS  BATTERY  VOLTAGE  (200  VOLTS) 


For  the  remaining  loads  the  battery  voltage  would  be  3000  volts,  with 
taps  providing  lower  voltages.  The  battery  regulation  would  have  to  be 
equal  to  the  minimum  requirement  of  all  the  loads.  The  battery  energy 
would  be  the  sum  of  all  the  load  requirements,  as  shown  in  Table  III. 


TABLE  III 

SYSTEM  ENERGY  CALCULATIONS 


LOAD  ENERGY  REQUIREMENT 

BATTERY  ENERGY 

(WATT -HOURS) 

6.  3V  x  9A  x  75  sec/3600  sec/hr 

1.  118 

90V  x  15A  x  45  sec/3600  sec/hr 

16.  880 

3000V  x  1.  25A  x  45  sec/3600  sec/hr 

46.  900 

1500V  x  2A  x  75  sec/3600  sec/hr 

62. 500  j 

50V  x  0.  25A  x  45  sec/3600  sec/hr 

0.  156 

10V  x  2A  x  45  sec/3600  sec/hr 

0.  250 

200V  x  0.  1A  x  45  sec/3600  sec/hr 

0.  250 

TOTAL  ENERGY 

128.  054 

The  formula  for  determining  the  volume  of  the  3000-volt  battery  is: 


Vol(3000-volt  battery  with  taps 
for  other  loads) 


=  0.  28  +  0,  76R  at  ±  3%  regulation 

=  0.  28  x  3000  +  0.  76  x  128.  054 
=  840  +  97.  25 


-  937.  25  inches  . 
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The  tonal  volume  for  two  batteries  scppl It.  »g  all  the  loads  is  937.  25 
cubic  inches  plus  1_  9275  cubic  inches,  or  j39.  1775  cubic  jsches. 

Finally.  a  family  off  curves  were  plotted  that  compared  battery  volume 
and  battery  terminal  voltage  for  different  values  of  converter  efficiency 
in  a  battery -converter -regulator  combination  supplying  all  loads.  The 
battery  energy  is  the  summation  of  all  load  requirements  divided  by  the 
converter  efficiency.  Battery  regulation  is  assumed  to  be  154*.  Total 
load  energy  is  128.  054  plus  0.  2625.  or  128.  3165  watt-hours.  This 
curve  is  presented  in  Figure  36. 
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SECTION  III 


CONCLUSIONS  AND  RECOMMEND  A  TICKS 

1.  BATTERY  VOLUME  AND  WEIGHT 

Battery  volume  and  weight  are  directly  proportional  *o  battery  terminal 
vo  1* age  and  wart-hour  rating,  and  inversely  proportional  to  battery 
regulation. 

In  a  system  in  which  a  battery  supplies  the  load  power  directly,  battery 
volume  is  fixed  by  the  load  voltage,  energy,  and  regulation  requirements. 

In  a  system  in  which  a  battery  supplies  the  load  power  through  a  converter- 
regulator,  battery  volume  is  not  fixed  by  the  load  requirements,  since  a 
given  cos  verter- regulator  would  be  capable  of  meeting  a  given  load  re¬ 
quirement  under  various  conditions  of  battery  voltage  and  regulation. 

Thus,  with  the  converter- regulator,  battery  characteristics  are  less 
critical,  and  the  battery  itself  might  be  chosen  from  a  number  of 
acceptable  types. 

2.  TRANSFORMER  CORES  AND  WINDINGS 

An  examination  of  Figures  1  and  2  shows  that: 

The  power  dissipation  in  the  R-03  ferrite  core  is  less  than  the 
power  dissipation  in  the  2-mil  Orthonal  for  all  values  of  f  and  B 
considered. 

The  rate  of  decrease  in  power  loss  as  core  volume  is  increased 

is  greater  for  the  2-mil  Orthonal  than  for  the  R-03  ferrite. 

If  larger  core  volumes  had  been  considered,  the  power  dissipation 

in  the  2-mil  Orthonal  would  have  beer  “ss  than  the  power 

dissipation  in  the  R-03  ferrite. 
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For  a  given  f  0  product  (proportional  to  core  voliane).  R-03  results 
in  minimum  power  dissipation  at  hi£i  operating  frequencies  and 
km  flux  densities,  while  the  opposite  is  true  for  the  2-mil  OrtiuuaL 
This  indicates  that  hysteresis  losses  are  predominant  in  the  R-03 
ferrite,  while  eddy  current  losses  are  predominant  ii.  the  2-mil 
Orthonal. 

* 

A  comparative  analysis  of  Figures  3  through  18  shows  that: 

The  use  of  R-03  ferrite  as  the  core  material  would  result  in  the 
least  increase  in  system  volume,  for  the  core  materials  and  Bt 
products  considered.  However,  the  loss  data  for  the  Orthonal 
curves  should  be  extended  to  the  saturation  flux  density  of  15,000 
gauss. 

As  load  duration  increases,  core  loss  at  the  point  of  least  change 
in  system  volume  decreases.  Accordingly,  the  transformer  should 
be  designed  for  operation  at  a  relatively  low  f  P  product. 

For  a  given  operating  frequency,  a  minimum  change  in  system 
volume  occurs  with  ferrite  materials.  This  minimum  value  dictates 
the  optimum  flux  density  at  which  the  core  should  be  operated. 

These  graphs  (Figures  3  through  18)  must  be  expanded  in  the  areas 
of  the  minimum  changes  if  they  are  to  provide  the  most  useful 
information. 

If  the  operating  frequency  and  flux  density  are  known  (from  the  datsi  in 
Figures  3  through  6  describing  the  areas  of  minimum  change  for  R-03 
ferrite),  the  temperature  rise  in  the  core  for  any  load  duratior  pn  be 
obtained  from  Figure  19.  From  Figure  6,  the  flux  density  .t  i  ch  the 
minimum  change  in  system  volume  occurs  is  approximat  /  p*’’  ^ 


at  fs100  kc  and  3000  gauss  at  f*50  kc.  Examination  of  Figure  19  indicates 

that  the  rate  of  core  temperature  rise  would  be  greatest  for  the  3000-gauss, 

50-itc  condition,  when  — ***  -  is  5. 5  X  10’2  *C  per  second.  Multiplying  this 

t 

factor  by  75  seconds  (the  load  duration)  shows  that  the  total  temperature 
rise  in  the  core  is  only  4. 1*C. 

Therefore,  if  R-03  ferrite  cores  would  be  used,  the  temperature  rir  in 
the  core  would  be  insignificant,  and  the  effects  of  extreme  temperatures  on 
the  core  material  would  be  a  matter  of  little  concern. 

Examination  of  Figures  20  through  23  shows  that,  as  expected,  the 
winding  factor,  K,  should  be  made  as  large  as  possible.  In  addition,  the 
curves  in  these  figures  show  that: 

The  optimum  current  density  decreases  as  the  winding  factor 
increases . 

The  optimum  current  density  decreases  if  either  the  battery 
constant,  B,  or  the  load  duration,  t,  is  increased. 

The  battery  constant,  B,  has  only  a  minor  effect  on  the  optimum 
current  density. 

Figures  24  and  25  show  that  temperature  rises  in  the  winding  as  a 
function  of  current  density.  On  the  basis  of  optimum  current  densities 
of  800  at  K  =  .  7  and  1300  at  K  =  .  1  for  th>.  *5-sp  .u  load  duration, 
and  610  at  K  =  .  7  and  960  at  K  =  .  1  for  the  75-second  duration,  the 
following  conclusions  can  be  made: 
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The  temperature  rise  in  a  winding  supplying  a  45-second  load  will  be 
from  70* C  to  300*C,  depending  on  the  winding  factor. 

The  temperature  rise  in  a  winding  supplying  a  75-second  load  will  be 
from  110*C  to  300*  C,  depending  on  the  winding  factor. 

Since  the  winding  temperature  r  *se  and  the  transformer  volume  are 
dependent  on  achieving  the  maximum  winding  factor,  additional 
effort  should  be  expended  in  examining  various  wire  types  to  deter¬ 
mine  an  optimum  wire  and  insulation  material. 

3.  TRANSISTORS 

Regarding  a  suitable  transistor  for  the  missile  power  supply,  the  follow¬ 
ing  conclusions  and  recommendations  are  made: 

In  general: 

A  specific  transistor  f  .*  use  in  all  the  system  configurations  studied 
is  not  presently  available,  and  therefore  cannot  be  recommended. 

Equations  wave  been  •  loped  that  show  the  relationship  of 
transistor  losses  and  battery  volume  for  any  combination  of 
transistor(s)  and  battery.  These  equations  can  be  used  to  specify 
the  minimum  achievable  system  volume  for  a  specific  combination  of 
cransistor(s)  and  battery. 

Generalized  equations  have  been  developed  that  show  the  relation¬ 
ship  between  transistor  efficiency,  system  power  level,  and  system 
power  transfer  duration.  With  these  equations,  the  specific 
transistor(s)  required  for  an  optimized  system  can  be  determined 
for  any  combinations  of  transistors,  system  power  levels,  and  system 
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transfer  durations.  These  equations  will  specify  die  minimum 
system  volume  (and  thus  the  minimum  transistor  voltsne)  for  a 
specific  mission,  consistent  with  overall  system  efficiency. 


Specifically: 

Battery  volume  (and  thus  system  volume)  are  directly  proportional 
to  transistor  losses.  The  equations  developed  will  enable  the  sel¬ 
ection  of  transistors  that  will  minimize  increases  in  battery  volume 
due  to  transistor  losses. 

The  operating  frequency  of  the  transistor  selected  for  use  in  a 
specific  system  must  be  compatible  with  the  results  obtained  from 
the  transformer  power  loss  analysis  for  the  same  system. 

Total  transistor  switching  losses  are  directly  proportional  to  the 
operating  frequency  of  the  converter  oscillator. 

On  the  basis  of  the  studies  thus  far  conducted,  the  Delco  Radio 
'2581  transistor  appears  to  be  suitable  for  use  in  an  8.2-kw  con¬ 
verter  for  the  missile  powf  supply. 

4.  SYSTEM  VOL  ME 

The  system  volume  investigations  to  date  have  resulted  in  the  following 
conclusions  and  recommendations. 

The  total  battery  volume  for  individual  batteries  supplying  each  load 
independently  would  be  1447  cubic  inches. 

The  total  volume  of  the  battery  supplying  the  6.  3-volt,  floating  load 
and  one  other  battery  supplying  the  remaining  loads  would  be  939 
cubic  inches. 
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The  total  energy  required  to  satisfy  all  loads  would  be  128  watt* 
hours. 


In  a  battery  and  converter- regulator  combination,  where  minimum 
battery  volume  is  desired,  the  converter  pow  ;  transformer  should 
provide  fur  the  maximum  possible  stt^-up  of  battery  voltage. 
Accordingly,  battery  voltage  should  i  as  low  as  possible,  without 
entering  the  region  in  which  converter  «*'  -  i  .  cy  is  drastically 
reduced,  and  in  which  the  converter  voi_  ■-  'drastically  increased 
as  the  converter  input  voltage  is  decreased. 

Of  the  systems  investigated  to  date,  the  single  battery  and  converter- 
regulator  combination  holds  the  most  promise  for  minimizing  the 
battery  volume. 


-64- 


APPENDIX  A 

BATTERY  WEIGHT  AND  VOLUME  CALCULATIONS 

1.  BATTERY  VOLUME 

Using  data  received  from  the  Yardney  Electric  Corporation,  plots  were 
developed  that  compared  battery  volume  against  nominal  terminal  voltage 
for  various  fixed  values  of  battery  regulation  in  percent  and  battery  energy 
in  watt-hours.  These  curves  shown  in  Figure  A-l,  indicated  that  battery 
volume  is  a  function  of  battery  terminal  voltage,  energy,  and  regulation. 
Therefore,  volume  may  be  expressed  as: 

Vol  -  AV  +  B^R  at  5%  regulation 

Vol  =  AV  +  B2R  at  10%  regulation 

Vol  =  AV  +  BgR  at  15%  regulation 

Where: 

—  q  . . 

A  =  a  constant  with  dimensions  of  in.  /volt 

O 

B  -  a  constant  with  dimensions  of  in.  /watt-hour 

Figure  A-l  indicates  that  the  average  value  of  A  is  0.  28  cubic  inch  per  volt. 
Therefore,  the  general  equation  for  battery  volume  becomes: 

Vol  =  0.  28  V  +  BR 


The  curves  shown  in  Figure  A-2  were  plotted  to  find  B  for  the  three  fixed 
values  of  battery  regulation,  which  are: 
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Bj  -  0,  72  at  5%  regulation 
B2  =  0.  62  at  10%  regulation 
B^  =  0.  53  at  15%  regulation 

The  equations  for  battery  volume  at  different  values  of  regulation  are: 

Vol  -  0.  28  V  ♦  0.  72  R  at  5%  regulation 

Vo!  -  0.  28  V  +  0.  62  R  at  10%  regulation 

Voi  0.  28  V  ♦  0.  53  R  at  15%  regulation 

To  generalize  tne  volume  equation,  it  was  assumed  that  a  linear  relation¬ 
ship  exists  between  the  values  of  B  found  for  the  different  values  of 
regulation.  On  that  basis,  a  general  expression  for  B  can  be  written 
as  follows: 

B  =  X  regulation  ♦  Y 

From  this  equation,  two  simultaneous  equations  can  be  written  for  B  at 
different  values  of  regulation,  as  follows: 

0.  72  -  X5  ♦  Y  at  5%  regulation  (1) 

0.62  -  X10  ♦  Y  «■**.  10%  regulation  (2) 

Subtracting  equation  (2)  from  equation  (1)  yields: 

0.  1  =  -5X 

X  -  -0.  1 
5 

X  -0.  02 
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BATTERY  VOLUME  VS  BATTERY  ENERGY  FOR  FIXED  VALUES  OF  BATTERY 
REGULATION  (CASE  2) 


Substituting  X  into  equation  (1): 


0.  72  =  (-0.  02 )(5)  +  Y 

Y  =  0.  72  +  0.  1 

Y  =  0.82 


The  general  equation  for  battery  volume  is: 


Vol  =  0.  28V  +  (-0.  02  REG  +  0.  82)  R 


where: 


Vol  =  Volume  of  battery  in  cubic  inches 
V  =  Nominal  battery  terminal  voltage  in  volts 
R  =  Battery  energy  in  watt-hours 
REG=  Battery  voltage  regulation  in  percent 


2.  BATTERY  WEIGHT 


The  method  used  for  deriving  the  equations  for  battery  weight  is  the 
same  as  that  for  volume.  The  curves  in  Figure  A -3  and  A -4  were 
plotted  from  data  received  from  the  Yardney  Electric  Corporation. 

The  weight  equations  are: 

Weight  =  AV  +  B^R  at  5%  regulation 
Weight  =  AV  +  BgR  at  10%  regulation 
Weight  =  AV  +  B^R  at  15%  regulation 

where:  A  =  A  constant  with  dimensions  of  lb/volt 

B  =  A  constant  with  dimensions  of  lb/watt-hour 
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Figure  A-3  -  BATTERY  WEIGHT  VS  NOMINAL  BATTERY  TERMINAL  VOLTAGE  FOR  FIXED 
VALUES  OF  BATTERY  ENERGY  AND  REGULATION  (CASE  3) 


Figures  A-3  and  A-4  indicate  that  A  is  0.  006  pound  per  volt.  Therefore, 
the  general  equation  for  battery  weight  is: 

Weight  =  0.  006V  +  BR 

The  curves  in  Figure  A-5  were  plotted  to  find  B  for  the  three  fixed 
values  of  battery  regulation,  which  are: 

Bj  =  0.  042  at  5%  regulation 
Bg  =  0.  035  at  10%  regulation 
Bg  =  0.  0295  at  15%  regulation 

The  equations  for  battery  weight  at  different  values  of  regulation  are: 

Weight  =  0.  006V  +  0.  042  R  at  5%  regulation 

Weight  =  0.  006V  +  0.  035  R  at  10%  regulation 

Weight  -  0.  006V  +•  0.  0295R  at  15%  regulation 

where:  weight  =  Weight  of  battery  in  pounds 

V  -  Nominal  battery  terminal  voltage  in  volts 
R  =  Battery  energy  in  watt-hours. 
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APPENDIX  B 


t 


-  Load  duration,  in  seconds 

“  Power  dissipated  in  the  transformer,  in  watts 


VT  s 

AV  +  3600  *EL 

TL  *  +  PTR 

^  +  VTR 

VT  * 

AV  +  BEL  XL  1 

bptr  1 

+  VTR 

3600 

3600 

P 

TR 

=  +  P 

c  w 

where 


Pq  -  Power  dissipated  in  the  core,  in  watts 
P^y  =  Power  dissipated  in  the  winding,  in  watts 


V_„  -  +  V 

TR  C  wg 


where 


V 


£  =  Total  core  volume,  in  cu.  in. 


V  =  Total  winding  volume,  in  cu.  in. 

Wg 

VT  =  AV+  BEL  !L  t  +  B  t  (PC  +  PWJ  +  +  V 


3600 


wg 


Vr 


= 

AV  +  BEL  JL  1 

+ 

■D  *D 

t  c  +  + 

Bt  PW  +  V 

3600 

L  3600  C 

3600  wgJ 

or 


VT  --  vl  +  av1  +  av2 


The  terms  in  the  first  bracket  of  the  equation  define  the  battery  volume 
required  to  supply  the  load  requirements,  the  terms  in  the  second  bracket 
define  the  increase  in  system  volume  caused  by  adding  a  transformer 
core,  and  those  in  the  third  bracket  define  the  increase  in  system  volume 
caused  by  adding  a  transformer  winding.  Each  bracketed  term  of  this 
equation  can  be  investigated  separately,  and  minimum  points  can  be 
determined  if  they  exist. 
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2. 


STUDY  OF  EFFECTS  ON  TOTAL  SYSTEM  VOLUME  DUE  TO  ADDING 
A  TRANSFORMER  CORE 


The  core  parameters  P^,  and  V^must  be  expressed  in  terms  of  circuit 
parameters.  Since  the  total  power  dissipated  in  the  core  material  (Pc> 

is  dependent  on  the  core  volume  (Vc),  the  core  volume  will  be  developed 

first. 


a.  Derivation  of  V ^  as  a  Function  of  Circuit  Parameters 
Assume  a  toroidal  core  with  dimensions  as  shown  below: 


Then: 

o 

Window  Area  =  A.r,  =  *74  D 

w 

Core  Area  -  A^,  -  dh 

Vw  =  tt/4  D2  h 
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VW  +  VC  =  t,A  (D  +  2d)2  h 
Vc  =  tt/4  (D  +  2d)2  h  -  tt/4  D2h 

=  tt/4  (D2  +  4  Dd  +  4d2)  h  =  tt/4  D2h 

=  tt/4  D2h  +  7T  Dd  h  +  n  d2h  -  tt/4  D2h 

-  7T  dh  (D  +  d) 


Assuming  a  given  form  factor  for  the  core  for  minimum  transformer 


d  =  i.  D  h  =  YT"  D 
V  2 

A„  =  -pL  D  x  VF  D  =  D2 

C  V2 

Aw  =  »/4  D2 


Assuming  s  bifilar -wound  transformer,  can  be  expressed  in  terms  of 

the  circuit  requirements  as  follows: 

Ep  x  108 
4  f  8  S 

=  Total  number  of  turns  on  the  primary  winding 
=  Voltage  applied  to  the  primary,  in  volts 

-  Operating  frequency,  in  cycles  per  second 

-  Flux  density  in  the  core  material,  in  lines  per  sq.  in. 

=  Core  stacking  factor 

If  K,  the  winding  factor,  is  defined  as  the  ratio  of  the  copper  area, 
within  the  core  window  to  the  area  of  the  core  window,  then: 

K  -  ACU 

Acu  *  npwap  +  nswas 

Ng  =  Total  number  of  turns  on  the  secondary 
WAP  =  Conductor  area  per  primary  turn,  in  sq.  in. 

W^g  -  Conductor  area  per  secondary  turn,  in  sq.  in. 


f 

8 

S 
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Assuming 


NS  WAS 


npwap 

ACU  *  2NPWAP 

Further,  if  J,  current  density,  is  defined  as  follows: 

j  _  Total  primary  current  through  A^ 

Total  A^,y  of  primary  winding  in  the  window 


Then: 


Np/2  lp 

ACU 


CU 


NP!P 

"23 - 


Aw  Ip 

N"p  5KJ 

NJ*  A,,*  *W  =  Ep*108  ,  «P 

"3T  c  N“  "4  fB  S  7TJ 


AcAw=  Vpx1° 
c  ^  IT  B“5'K"J 


P  x  108 

rrmrj 


Substituting  into  equation  (2): 


6.  35  x  106  P  x  108  3/4 

2.  835  4  f  b  S  K  J 
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■ 


metdtKr**?rc.  yci&U  «V7  >. 


Vc  »  2.  24  *  106  (j^j-  ) 

„  .  I  2.  94  x  108  P  \  3/4 

VC  "  1TJ5TT3 - 1 


b.  Derivation  of  P^,  as  a  Function  of  Circuit  Parameters 


Core  loss  data  are  presented  on  the  data  sheets  in  terms  of 
for  ferrites  or  in  terms  of  p-ounj  for  tape -wound  cores. 


watts 


cm  cps 


Let  CL1  =  core  loss  factor 

cm"5  cps 

CL2  =  core  loss  factor 


PC  =  CL1  x  — - 13  xVr  xf  xl°S 

C  L1  6.  1  x  10  2  C 

3 

_ _  ju  watts  „  cm  watts  3 

watts - 3 —  x  — --  x  ii  x  m.  x  cps 

cm  cps  in.  °  ** 

Pc  =  1.  64  x  I0-5  Cu  x  Vc  x  f 


PC  3  CL2  x  ‘  — 5  xVC  in-  3 

m. 

6  =  density  of  the  core  in  -^-x 


Pc  =  2.  24  x  10+6  6  CLJ  | 


! 


c.  System  Volume  Analysis 


A  V  =  pC  +  V 
1  W  C 

substituting  for  P^,  from  equation  (4) 


AVj  =  Bt  4.  55  x  10  f  CL1  Vc  +  Vc 


substituting  for  from  equation  (3)  and  transposing  K,  J,  and  P 
in  the  equation: 


3/4 


3/4 


A„  ..  ,  _  ,*-9  /  2.  94  x  10°  1  1 2.  94  x  10  \ 

|-p-J  AVX  -  4.55x10  BtfCL1  (  — m - J  +  l“TTS - 1 

(5) 


d.  Derivation  of  Expression  for  Core  Temperature  Rise 


The  specific  heat,  (  ,,  for  most  core  materials  is  given  in  units  of 
The  density,  6  ,  is  given  in  unit  s  of  ^  ^  . 


calories 

gm»C 


cm 


In  order  to  obtain  the  specific  heat,  Cg',  in  terms  of  the  desired  units  of 

- * -  ,  the  following  conversion  is  performed. 

in.  J  °C 


p  V  6  V 

cm^  x 

watt  -hours 

»  X  0  X 

in. 

calories 

calories 

cm 

cm^ 

watt -hours 

gm  °C 

x  — x 

in. 

calories 

in.  3  °C 


cm 


in. 


=  16.4 


3/4 
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_  i  —<.**«■  r-  iw**-*** 


watt-hours  _  ,  ,*  ..  ,A-3 
TalorTei^  1.16*10 


Cg1  ■  19.  05  *  10'3  Cg  6 


Assuming  no  energy  loss  through  convection,  conduction,  or  radiation: 

111  PC * 

Core  temperature  rise  *AT  ■  Pct  3553  x  -y-  *  p-r  *  355™  C’ 

C  S  L  j 

substituting  for  P^,  from  equation  (4) 

A  T  =  1-  64  *  10‘5  CL1  l  Vc  t 


(4.  55  x  10‘9  f  CL1)  (7) 

S 

3.  STUDY  OF  EFFECTS  ON  TOTAL  SYSTEM  VOLUME  DUE  TO  ADDING 
A  TRANSFORMER  WINDING 

AV,  =  ®PW  +  V 
2  -555!T  w* 

Assume  that  the  winding  is  of  the  form  shown  in  the  cross  section  below. 


Volume  of  sections  1  and  2 
Volume  of  sections  3  and  4 


=  Aw  (h  +  D) 
=  Awd 


Vwg  *  2  [AW(htD)t  v] 
Vwg  =  2  AW  (h  +  d  +  D) 
From  previous  calculations: 


Aw  -  »/4  D* 
h  --  VT  D 


d  =  VT  ° 


AC^Sv  =  w /4  D  *  or  D  3  4  /4  Ac  Ayj 

V  ^ 

VWg  =  2Aw<h  +  d  +  D) 

=  *72  D2  < Vi”  D  +■  ~  D  +  D) 

VT 


=  (VF  +  tL  +  1)  tt/2  D3 

VT 


=  (3.  121)  jt/2 


4ACAW 

7T 


3/4 


=  (3.  121)  — y—  7T  1/4  (AcAw)3/4 
=  (3.  121)  3  ?2L331  (acAw)  3/4 
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V  =  5.  9 
wg 


^AC^S V* 


3/4 


( A cV 


3/4  _  |  P  x  10 


P 

4 


8 


TBTTTT 


v  -  a.osxio^T^-j.) 


) 


5/4  106 


2.  835 


? 


B'  S  ITJ  ) 


3/4 


3/4 


(7) 


Pw  =  0  J  K  V 
W  wg 


_6 

For  copper,  the  resistivity  at  a  temperature  of  20°C  is  99  x  10  ohm- 
inches.  The  temperature  coefficient  of  resistance  is  0.  00393.  Resistivity 
may  be  written  as  a  function  of  temperature,  T,  as  follows: 


P  =  99  x  10"6  [l  +  .  00393  (T-20)J 
P  -  (.  39  T  +  91.  2)  10"G 


Let  T  =  Tx  +  AT 


where:  T^  =  Initial  starting  temperature 

AT-  Temperature  rise  in  the  winding 

P  =  (.  39  Tx  +  .  39  A  T  +  91.  2)  10'6 

A  T  =i—  x  PW  * 

CS  3600  V  K 
wg 


where: 


C„  =  specific  heat  of  copper  in 


watt -hours 


calories 

The  specific  heat  for  copper  is  given  as  0.  092  -0-gr 


To  convert  to  desired  dimension: 


C«s  *  0.  092  glSEiSg  x  8.  89  Si”  x  - 
&  gm  *C  cm 


Z*  x  1  cm  xl  .163xl0-3watWiour8 

cm3  ,0bl  in.3  calories 


Cs  =  15.  55  x  10 
A  T  =  PW  1 


-3  watt -hours 


in.  *  OC 


Wt  =  .  0179  PW*  (8) 


1  A  1  V - v  Tf - 17“ 

15.  55  x  10"J  x  3600  VwgK  00  wg*  wg  * 

.  39  AT  =  .  00696  PW4 

V - K 

wg 

:o  *  {.  39  T.  +  .  00696  PW*  +  91.  2)  10'6 
1  V  k 

Wg 

Pw  =  (.  39  T.  +  .  00696  PWt  +  91.  2)  lo'6  J2  K  V  „ 
w  1  ^ wg 

wg  2 

P„,  =  .  39  x  10'6  T.  J2  K  V  +  .  00696  x  10’6  PWt  J  K  Vwg  +  91.  2  x  10'6 
1  wg  '  K  V  -  -JTTT. - 

Wg  JK^VWg 

Pw  (1  -  .  00696  x  10‘6  t  J2)  =  .  39  x  10'6  Tj  J2  K  Vwg  +  91.  2  x  IO'Vk  Vwg 

_(.3tlxl0-6T1*tll.2,10-6)  ,2 

W  — - — — - -Tr — -2 -  Wg 


1  -  .  00696  x  10  t  J 


Substituting  the  values  of  and  Vw^  back  into  the  equation: 

A  v„  =  Bt  pw  +  v 
2  1W  w« 


yields: 


Bt  /  .  39  x  10"6  Tx  +  91.  2  x  10'6 

2  3600  '  1  -  .  00696  x  10'*  t  J2 


h  3/4  n  3/4 

,2  v|  2.  66  x  10°P  1  j_|2.  66  x  10°P\ 

‘rKlTTSK3 - 1  MTTCKJ - I 
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1  -  •  °°«M  *  10_B  t  J2 /  l  JR  /  ( - - 1  <10> 


Derivation  of  Equation  for  Winding 
From  equation  (8): 

AT  "  •  01 79  ^iL 

wg 

Substituting  for  P  from  equation  (9): 


>erature  Rise 


AT-.  0179  -yJ-, 
Vwg 


39  x  10"6Tj  +  91.  2  x  10"6 


wg  1  -  .  00696  x  10"°  r  t 

AT  (JJ0696  x  10  ~6  +  1.  63  x  10~6)  j2  t 

1  -  •  00696  x  10  "B  J2  t 

Multiplying  numerator  and  denomination  by  109; 

A  T  -  <6-  96  T  +  1630)  J2  t 
109  -  6.  96  J2  t 


J2  K  V 


-87- 


appendix  c 


TRANSISTOR  VOLUME  CALCULATIONS 


APPENDIX  C  __ 

TRANSISTOR  VOLUME  CALCULATIONS 

1.  DERIVATION  OF  SYSTEM  VOLUME  DUE  TO  TRANSISTOR  LOSSES 

Considering  only  the  battery  and  converter  transistors  in  the  system,  the 
volume  of  these  components  is: 


V  -  V 

T  B 

+  V 

1 

where 

VT 

VB 

VQ 

Q 


3 

Total  volume,  in  in. 

3 

Battery  volume,  in  in. 
Transistor  volume,  in  in.  ^ 


Vg  has  been  shown  to  be 


VB  =  AV  +  BR 

Battery  terminal  voltage,  in  volts 
Battery  rating,  in  watt-hours 

O 

Constant,  with  dimensions  of  in. 

volts 

Constant  (dependent  or^battery  regulation) 

with  dimensions  of  — 

watt -hours 

The  required  battery  rating  (R)  is  dependent  on  the  load  requirements  and 
the  power  loss  of  the  transistors. 


where:  V  = 

R  = 
A  = 

B  = 


R  “  (EL  x  !L  x  1  +  PT(AVG)  x  0  3SUS 


where: 


ER  =  Load  voltage,  in  volts. 

1^  -  Load  current,  in  amperes, 

t  =  Actual  load  time,  in  seconds. 

Pt(avg)~  Tota*  average  transistor  power  losses,  in  watts. 

The  total  average  transistor  power  losses  are  comprised  of  both  switching 
and  conduction  losses.  The  switching  losses  are  functions  of  oscillator 
frequency. 


T(AVG) 


P  4-  p 

“  SW  *CON 


where:  PgW  ~  PRT  +  PgT  +  PFT 


PrT  ~  Rise  time  loss,  in  watts 
PgT  =  Storage  time  loss,  in  watts 
Pft  ”  Fall  time  loss,  in  watts 


The  conduction  losses  arise  from  leakage  current  and  base  drive  currents, 
and  are  not  functions  of  oscillator  frequency.  Losses  occur  during  both  the 
ON  and  OFF  switched  modes,  and  averaged  by  dividing  by  2. 


CON 


(P  +  P  ) 
ON  OFF; 

2 
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where: 

Ig 

PON  T  VCE(SAT)  *S  *  VBE  KFE 
POFF=  {2  VS  *CO  *  VEBO  IEBO) 

and: 


-  Battery  source  voltage,  in  volts 

-  Battery  source  current,  in  amperes 


Thus,  the  system  volume  is  a  function  of  converter  frequency,  due 

to  the  battery  volume  to  supply  power  to  compensate  for  transistor 

switetunf  losses. 


AV  *  5*58  (EL  'l  !  *  PT(AVG)  "  *  VQ 


AV  *  5*55  (el  ‘l’  *  5*55  (Pt<avg>)  *  vq 


where: 


A  Vj  -  Component  of  system  volrjne  due  to  load  power  delivered. 
£  Vj  *  Component  of  system  volume  due  to  transistor  losses. 


-®1~ 


where  T  is  the  period  over  which  the  power  is  averaged 


Substituting  equations  (1)  and  (2)  in  equation  (3), 
P 


"  *  [1^1  (VI  '-ll  - 

•-;[va‘i-v,  (^) 

.VWV  ,»1 

•  *  2  1  J 


Substituting  f  *  —  for  a  transistor  oscillator  and  simplifying  yields: 
T 

p  *  *.  [;  w,V*v»V*  J  lv.l.t,rV] 


HONEYWELL 

INC. 


April  4,  1966 


lUgnaelc  Ketels  Company 
Rtyu  Avenue  at  list  Street 
Camden  1,  Mew  Jersey 

Attention!  Mr.  1.  T.  Kerri toe 

Dear  Sin 

Honeywell  is  presently  funded  to  develop  a  dc/dc  converter  with  extremely 
high  power  densities.  Ve  are  attempting  to  handle  10  kilowatts  of  power 
with  a  S  pound  weight  Unit,  (tar  initial  design  calculations  indicate  that 
the  converter  transformer  must  be  operated  at  a  frequency  in  excess  of  25  KBs 
to  approach  tae  slca  and  weight  requirements.  Fisa  a  semiconductor  stand¬ 
point  the  most  efficient  AC  wave  shape  to  use  is  a  square  wave  voltane. 

Because  the  transformer  else  and  vaight  la  the  pacing  item  for  tills  converter, 
it  is  necessary  to  select  the  very  best  material  aid  configuration  for  use 
in  this  system.  It  is  anticipated  that  the  power  tosses  of  this  transformer 
sMy  be  as  high  as  one  kilowatt. 

In  order  to  achieve  the  highest  power  density  in  a  transformer  within  the 
llaltatlen  of  the  losses  idiick  are  permissible,  it  would  appear  that  the 
maxlmun  flux  density  and  the  core  loss  per  cy.le  at  the  exciting  wave  shape 
and  frequency  are  the  two  nest  important  considerations.  We  would  like  to 
get  cere  material  parameters  end  characteristics  to  determine  an  optimum 
design.  These  characteristics  will  include! 

1.  Maxlmum  flux  density 

2.  Core  loss  for  various  square  wave  frequencies  and  flux  densities. 

3.  The  specific  gravity 

4.  The  specific  heat 

5.  The  variation  of  parameters  (1)  and  (2)  through  a  temperature  range 
from  -65  to  +250  F. 

We  realise  that  cere  loss  characteristics  are  usually  measured  for  sins  wave 
excitation.  If  data  for  square  wavs  excitation  is  not  available,  could  you 
Indicate  any  predicted  performance  or  scaling  factors  to  use  with  sins  wave 
characteristics? 

Flseae  contact  Mr.  Bichard  L.  Carlson.  Project  Engineer.  (935-5155,  Ext.  (265) 
if  eddltienal  Information  concerning  tkese  requirements  would  be  helpful. 

Sincerely  yours. 


KLCivs 


1.  L.  Carlson. 
Project  Engineer 
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OSCNANCC  ; -VISION  •  BOO  2ND  STREET  NORTH  HOPKINS,  MINNESOTA  5534S  •  SI  2/WEST  5-S1S5 


HONEYWELL 

INC. 


April  8,  1966 


Motorola  Semiconductor  Products,  Inc. 

7515  Wayzata  Boulevard 
Suite  204 

Minneapolis,  Minnesota  55^+26 
Attn:  Glen  Johnson 

Subject:  Transistors  for  10  KW  Converter 
Dear  Mr.  Johnson: 

We  currently  have  a  funded  study  contract  to  make  design 
recommendations  for  a  battery  operated,  high  power  density,  DC/DC 
converter  for  use  in  a  missile  system.  The  principle  design 
constraints  in  this  study  are  the  weight  and  volume  of  the  unit. 
Consequently,  the  efficiency  and  associated  temperature  rise 
within  the  unit  become  major  design  considerations. 

The  required  power  output  of  the  converter  is  8.2  KW  at  several 
DC  levels  and  the  estimated  power  input  is  10  KW  (82^  efficiency) . 
The  transistor  losses  were  estimated  at  800  watts. 

The  transistors  will  be  operated  in  the  switching  mode  of 
operation  with  significant  overdrive  to  hold  the  transistor  well 
into  saturation  during  the  "on"  period  and  the  base  drive  will 
be  shaped  to  enhance  switching.  In  order  to  meet  the  weight  and 
volume  requirements,  the  switching  frequency  must  be  greater 
than  25  KHz.  The  transistor  mounting  base  temperature  will  not 
exceed  100 °C. 

In  this  application,  the  desirable  transistor  characteristics  are: 

-  ^  VCE(SAT) 

-  High  Gain 

-  Fast  Switching 

-  High  Current  Rating 

-  Ratio  of  VcE(MAX)  ^C(MAX)  12.5 

Losses 

losses  =  saturation  loss  +  switching  loss  g  25  KHz  + 
base  drive  loss  +  cutoff  loss. 
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April  8,  1966 


A  recommended  battery  voltage  will  be  determined  *s  a  result  of 
this  study  and  will  be  based  primarily  on  the  rating  of 

the  transistor  and  the  type  of  converter  circuitry  used.  However, 
the  battery  manufacturer  prefers  that  the  battery  voltage  be  in 
the  range  of  25  to  100  volts. 

If  you  have  a  transistor  which  you  would  recommend,  please  provide 
the  specifications  describing  the  device.  If  available,  we  would 
also  appreciate  information  concerning  the  optimum  base  drive 
voltage  and/or  current  wave  forms  to  minimize  the  transistor  losses. 

If  the  transistor  is  under  development,  indicate  probable  parameters 
and  the  estimated  availability  date. 

We  will  need  anticipated  performance  data  by  May  15,  1966  and 
feasibility  units  by  January  196?  in  order  to  consider  any  new 
device . 

Please  address  your  written  replies  to  my  attention  by  May  6,  1966 
for  use  in  this  study.  If  additional  technical  information  is 
required,  please  contact  Mr.  Richard  Carlson,  Project  Engineer, 
at  (612)  935-5155,  ext.  8265. 

Sincerely, 

HONEYWELL  INCORPORATED 


J.W.  Brumbaugh,  Engineer 
Applications  &  Specifications 
Mail  Station  832 


JWB/jh 


u«CirfU)bJJ’  UiJJ 


Security  Classification 


DOCUMENT  CONTROL  DATA  •  RAD 


(Security  clsmtilie+tion  of  Uffa.  bcxty  of  mbmtnct  mnd  inrfrimf  j 


1.  ORICINAT1N  C  ACTIVITY  fCorporato  oufhorj 


'  Ac  oNiW  «A* .  Ac  mwratt  Ac  ct»ccff*oCD 


|2«  REPORT  »CC  JRiTT  E  lMITiCATiOC 


Yardney  Electric  Ccrp. 
4 0-52  Leonard  Street 
New  York,  N.  Y.  10013 


J.  REPORT  TITLE 

Silver-Zinc  Power  Supply 


«  DESCRIPTIVE  NOTES  f Trp •  el  npott  and  induln  datmm) 

FOURTH  QUARTERLY  PROGRESS  REPORT 


S  AUTHOR^;  (Lmmt  nm mm.  tint  nmmm.  knitiml) 


UHCLASSrFIEX 


is  broup 


5/1/66  -  7/31/66 


CHIREAD,  ROLAND  F. 


REPORT  DATE 


15  JULY  1966 


S«-  CONTRACT  OR  CRANT  MO. 

A1  33(615)2663 

A  PMOJCCT  NO.  RlT5 


e.  TASK  No.  817304-28 


10  AVAIL  ABILITY /LIMITATION  NOTICES 


7a  total  mo  or  Mctl  !  7*  mo.  or  Hera 


•a  one im a  tom  i  report  Humbert*/ 


No.  4 


•  A-  OTHER  MCPORT  MOfJ;  f A  my  < 


QJALIFIED  REQUESTORS  MAI  OBTAIN  COPIES  OF  THIS  REPORT  FROM  DDC  FOHE3G1 
ANNOUNCEMENT  AND  DISSEMINATION  Cf  THIS  REPORT  ET  DDC  IS  ROT  AUTHORIZED 


II.  SUPPLEMENTARY  NOTES 


IS  ABSTRACT 


12  SPONSORING  MILITARY  ACTIVITY 

Air  Force  Aepo  Rr pulsion  Laboratory 
and  The  Ballistics'  Systems  rivisioo  < 
U.S.  Air  Force 

Research  and  Technology  Division 


- Patterson 


of  the 


tanaai: 


"All  battery"  design  approaches  using  duplex  electrodes  (pile  construction) 
are  described  and  design  parameters  compiled. 

The  experimental  work  performed  to  verify  the  various  cell  and  battery 
designs  has  been  outlined.  Data  and  test  results  are  analyzed . 

Design  guidelines  for  a  1500  V OH,  750  watt-hour  battery  nodule  are  sum¬ 
marized. 

Extensive  data  on  battery  size  and  weight  versus  battery  voltage  have  been 
compiled  for  batteries  having  outputs  of  2  KW  to  20  KV .  Formulae  expressing 
the  weight  and  volume  of  batteries  as  a  function  of  nominal  battery  tenJnal 
voltage,  watt-hour  rating  and  percent  regulation  are  presented  fc-  batteries 
utilizing  conventional  (individual)  cells. 

The  study  phase  of  the  DC -DC  converter  development  program  is  in  progress. 

A  report  which  documents  the  effort  expended  by  The  Ordnance  Division  of 
Honeywell,  Inc.  during  the  preceding  quarter  is  included  in  the  Appendix 
of  this  report. 


DD  .ML  1473 


UBCLA3SniEL _ 

Security  Oasa&ubM 


_ UNCLA.SSTFIED_  _ 

Security  Classification 


KEY  WORDS 


COMPONENTS.  STORAGE  BATTERIES 
STORAGE  BATTERIES,  ELECTROCHEMISTRY 
ALKALINE  CELLS,  ELECTROCHEMISTRY 
OXYGEN  ELECTRODES,  ELECTROCHEMISTRY 
BATTERY  SEPARATORS 


ROUE  WT  I  ROUE  WT  [  ROUE  WT 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  the  nr.me  and  address 
of  the  contractor,  subcontractor,  grantee,  Lepartment  of  De¬ 
fense  activity  or  other  organization  (corporate  author)  issuing 
the  report. 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over¬ 
all  security  classification  of  the  report.  Indicate  whether 
Restricted  Data  ’  is  included.  Marking  is  to  be  in  accord¬ 
ance  with  appropriate  security  regulations, 

2b.  GROUP:  Automatic  downgrading  Is  specified  In  DoD  Di¬ 
rective  5200.10  and  Armed  Forces  industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT-TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifies-- 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHOR(S):  Enter  the  name(s)  of  authorfs)  as  shown  on 
or  in  the  report.  Enter  last  name,  first  name,  middle  initial. 

If  military,  show  rank  and  branch  of  service.  The  name  of 
the  principal  author  is  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year;  or  month,  year.  If  more  than  one  date  appears 
on  the  report,  use  date  of  publication. 

la.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
should  follow  normal  pagination  procedures,  i.e.,  enter  the 
number  of  pages  containing  information. 

7b.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  in  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

8b,  8c,  N.  S d.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identification,  such  as  project  number, 
subproject  number,  system  numbeis,  task  number,  etc. 

9a.  ORIGINATOR’S  REPORT  NUMBER(S):  Enter  the  offi- 
~ial  report  number  by  which  the  document  will  be  identified 
iod  controlled  by  the  originating  activity.  This  number  must 
bo  unique  to  this  report. 

|  96.  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
j  assigned  any  other  report  numbers  (either  by  the  originator 
I  or  by  the  vjjo  n  -.  o  rj,  also  enter  this  number(s). 


10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  =.-.y  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 
imposed  by  security  classification,  using  standard  statements 
such  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC." 

(2)  "Foreign  announcement  ancf  dissemination  of  this 
report  by  DDC  is  r.ot  authorized.” 

(3)  "U.  S.  Government  agencies  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 

M 

...  - .  „ _  _  _  -  -  —  • 

(4)  "U.  S.  military  agencies  may  obtain  copies  of  this 
report  directly  from  DDC.  Other  qualified  users 
s^ialt  request  through 


"All  distribution  of  this  report  is  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

11.  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay¬ 
ing  for)  the  research  and  development.  Include  address. 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  space  is  required,  a  continuation  sheet 
shall  be  attached. 

It  is  highly  desirable  that  the  abstract  of  classified  re¬ 
ports  be  unclassified.  Each  paragraph  of  the  abstract  (hall 
end  with  an  indication  of  the  military  security  classification 
of  the  information  in  the  paragraph,  represented  as  (TS),  (S), 
(C).  or  (U). 

There  is  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  150  to  225  words. 

14.  KF.Y  WORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  classification  is  required.  Iden- 
liers.  such  as  equipment  model  designation,  trade  name,  mili¬ 
tary  project  code  name,  geographic  location,  may  be  used  as 
key  words  but  will  be  followed  bv  an  indication  of  technical 
context.  The  assignment  of  links,  rules,  and  weights  is 
optional. 


UNCLASSIFIED 


assiucation 


